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TECHNICAL MEMORANDUM 


MATERIALS SCIENCE ON PARABOLIC AIRCRAFT 
The FY 87-89 KC-135 Microgravity Test Program 


INTRODUCTION 

From across the U.S. and sometimes from around 
the world, on a monthly basis, teams of scientists 
travel to Ellington Air Force Base near Johnson 
Space Center (JSC). In a hanger off a large airport 
runway, early Monday morning, they assemble an 
elaborate and varied array of scientific hardware and 
electronics. Each team tests their own hardware. 
Failures occur and often send technicians scrambling 
to on-site machine shops or off-site electronics 
outlets. The next morning, often after weather 
delays, the 22 scientists, technicians, photographers, 
journalists, and sometimes dignitaries sit buckled in 
the rear of the large KC-135 interior waiting for 
take-off. Before them spread throughout the cabin 
their apparatus hum, display lights twinkle, and 
heaters heat The plane roars into the sky over the 
Gulf of Mexico. Parabolic maneuvers begin, always 
making a certain number of the passengers violently 
ill. The world, now, is a very different place where 
researchers become so light that they can fly, then 20 
sec later weigh 400 pounds. And the common 
materials processes, on which our society relics, often 
change just as dramatically. 

For over 20 years the NASA KC-135 and her 
predecessor aircraft have provided what is arguably 
the world’s most active low-gravity materials science 
program. These flights are supported by NASA 
Headquarters scientific and commercial microgravity 
programs, managed by Marshall Space Flight Center 
(MSFC), and operated by JSC. They support foreign 
and domestic scientists from government agencies, 
NASA centers, academia, and private enterprise. The 
system allows ready access to low gravity, but 
requires that experiments be carefully designed and 
implemented to isolate the gravity variable and to 
provide meaningful scientific data in low gravity of 
only 25 sec duration. 


This volume covers research results from the 
KC-135 materials science program managed by 
MSFC for the period FY87 through FY89. This 
report follows the previous report for FY 84-86 
published as NASA Technical Memorandum 4059, 
August 1988. This volume contains over 30 reports 
that cover research pertinent to virtually all areas of 
microgravity science. As an aid to the reader the 
reports are grouped into eight subject areas. 

Section 1 reports detail the acceleration environ- 
ment to be expected onboard the KC-135. Included 
are the frequency dependence of g-jittcr the charac- 
teristics of Martian, Lunar, and low-gravity 
parabolas. A method to evaluate accelerations by 
direct measurement of particle motion in transparent 
systems is also described. Information on induced 
curvilinear motion is deduced tht is not easily 
detectable by linear accelerometers. These data 
provide a good initial basis for planning aircraft 
experiments. 

The KC-135, as in the pa.st, was extensively 
utilized to support orbital flight experiments. The.se 
results are reprsted in section 2. United States 
Microgravity Laboratwy (USML 1) Protein Crystal 
Growth experimental procedures were tested and 
modified, and the new procedures were verified. The 
low-gravity performance of robotic systems was 
evaluated for Space Station Freedom. The Casting 
and Solidification Technology (CAST) experimental 
system designed for the International Materials 
Laboratory (IML-1) Spacelab mi.ssion was shown to 
detect gravity-dependent growth variations during 
KC-135 parabolas. Mixing protocols for USML-1 
zeolite growth experiments were tested and op- 
timized. KC-135 tests of the ulu-asonic bubble 
positioning experiments for the USML-1 Glovebox 
resulted in injection tip redesign to incrca.se the 



success probability for the space shuttle experiments. 
Phase partitioning systems to be flown in the space 
shuttle middeck were screened for optimum composi- 
tion, and KC-135 low-gravity coarsening kinetics 
data obtained were later found to complement those 
taken in one gravity and in orbit. Subsetjuent success 
of the above experiments on the space shuttle is a 
testament to the high rate of return on NASA’s 
instrument in the parabolic aircraft materials science 
program. 

Transport and interfacial phenomena studies on 
the KC-135 are the topic of section 3. Airc^ 
experiments on container shape and wall coating 
effects on immiscible liquid demixing documented 
deviation from the predictions of the Concus theory. 
Rotating cylinder experiments validated theory for 
two-phase rotation fluid shape in low gravity. 
Bioconvection studies during low-gravity parabolas 
resulted in the determination of the conditions for 
gravity-dependent and gravity-independent cell flow 
patterns. In another study low gravity was used to 
prepare undrained soap cell boarders, an otherwise 
inaccessible state, to study flotation and Rayleigh- 
Taylor heavy over light fluid instabilities. Using a 
torque meter viscometer, the validity of the no slip 
boundary condition was tested for the low-gravity 
environment. Electrodeposition for nickel during 
multiple low-gravity parabolas did not produced an 
amorphous product. This is contrary to what was 
reported for continuous deposition in sounding rocket 
low gravity. Reduced sedimentation of tracer 
particles in low gravity enabled the quantification of 
the Kirkcndall effect for gas diffusion. These fluid 
science result, in all, arc extraordinarily diverse and 
scientifically fruitful. 

Thermodynamic and combustion results are given 
in section 4. A holographic study of heat transfer for 
a fluid near its thermodynamic critical point was 
undertaken to calculate the heat and mass transfer and 
compare it with theory for near critical point systems. 
In this section pulse heating experiments, which can 
he used to determine important thermophysical 
materials properties, arc described that have extended 
the. melting point limit above 1500 °C, for the first 
lime, by utilizing the advantages of low gravity. The 
phenomenon in which the lack of convection causes 
flames to take spherical shiqie has been documented 
in Drop Tower experiments. The longer low-gravity 
period for the KC-135, however, was utilized to study 
tlu! longer-term stability of this flame morphology. 
The results of aircraft thermodynamic and combus- 


tion studies continue to be of fundamental importance 
for space system safety, combustion engineering and 
basic science. 

Section 5 describes experiments in which the 
KC-135 was utilized to develop the technology for 
containerless processing in space. The capability of 
the High Temperature Acoustic Levitator (HAL) was 
extended to three-axis positioning of samples heated 
to 1500 °C. Other studies utilized acoustic levitation 
to study the solidification of organic samples heated 
to 200 °C. Experiments on the KC-135 allowed the 
isolation of the levitating field intensity from the 
gravity variables for comparison with ground 
experiments. The KC-135 hardware and science 
development effort for containerless processing has 
been instrumental to its success in the MPS program. 

laser and plasma arc welding experiments arc 
described in section 6 (solidification with a free 
surface). Two studies report utilized the orbital arc 
welding apparatus. The first investigated coalescence 
due to arc-induced convection, Marangoni convec- 
tion, and particle pushing in immiscible metal alloys. 
The second investigated white iron solidification and 
regraphitizing for FeC alloys. Another study utilized 
a laser welding apparatus to track microstructurc 
variations during rcsolidification of stainless steel and 
transparent metal models solidified in the low- and 
high -gravity portions of the parabola. The behavior 
of weld pools in low gravity is not yet well under- 
stood; thus their contained study is of both practical 
and scientific importance. 

The interaction (rf a liquid melt with its crucible 
(covered in section 7) has proved, since the first 
Skylab crystal growth experiments, to be of scientific 
interest as well as an important experimental 
parameter for solidification in space. Cu-Pb-Al 
immiscible alloys of varying composition were gas 
quenched during low gravity in alumina crucibles. 
Aluminum composition, which influences the 
interfacial energy between melt and crucible, was 
found to be a determinant factor in the alloys ability 
to form fine dispersions when solidified in low 
gravity. 

Cd-Te solidification experiments were performed, 
using the same apparatus and sample size, to 
determine if melt crucible dewetting would occur in 
orbit. Cd-Te, however, could not be made to solidify 
in a single low-gravity period. Ga-doped germanium 
crystals directionally solidified in quartz crucibles 
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(luring continuous low-gravity parabolas yielded 
surface striations that are charact^sdc of fiee 
surface solidification. However, indium antimonide 
directionally solidified during low-gravity parabolas 
did not reveal dewetting under direct video observa- 
tion of the solid liquid interface. These data suggest 
that the KC-135 can provide critical information on 
the melt crucible int^actions, but limited low-gravity 
time make it practical only for some of the systems of 
interest for solidification in space. 

KC-135 provides the unique capability wh^ 
combined with unidirectional solidification of having 
in one sample a series of identifiable sections grown 
in low gravity or in high gravity. Section 8 describes 
results for metallic-based systems which are normally 
solidified at rates fast enough to make them particu- 
larly well suited for KC-135 study. Cu-Pb-Al 
immiscible alloy samples directionally solidified 
during low-gravity parabolas show strong gravity 
dependence in both phase fraction and phase 
alignment of microstructures. Metal matrix ceramic 
particulate composites solidified in low gravity 
(relative to high gravity) were shown to have more 
uniform dispersions and lower particulate engulfment 
rate. Immiscible alloy solidification experiments 
with the binary alloys Cu-Pb and Ga-Bi have 
determined that alignment and microstructure of 
phases, grain size, fiber growth initiation, and 
interfiber spacings are modified in low gravity. 
Studies with Fe-C alloys d(x:umented a strong gravity 
dependence for the nucleation of graphite grains. The 
electronic properties were measured for Al-In-Sn 
immiscible alloy sections solidified in low and high 
gravity. The sample solidified under one gravity or 
high gravity is normally resistively metallic, but 
when solidiHed in low gravity it became semi- 
metallic. The superconducting transition temperature 
of the low-gravity sample was increased by 15%. 
These experiments illustrate the fact, long known in 
the industry, that convection effects strongly 
influence the properties of a casting. 
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KC-135 ACCELERATION 
LEVELS DURING LOW- 
AND HIGH-GRAVITY 
TRAJECTORIES 

Investigators : Guy A. Smith and Gary L. 

Workman, The University of 
Alabama in Huntsville, Johnson 
Research Center, Huntsville, AL 

CHARACTERISTICS OF LOW-GRAVITY 
PARABOLAS ON THE KC-I3S 

OBJECTIVES 

The "weightless" environment experienced 
by occupants of the KC-135 when the aircraft 
flies parabolic maneuvers provides a unique 
testbed for a variety of experiments. The range 
of experiments that utilizes the reduced gravity 
includes physiological, scientific, and engineer- 
ing experiments. The most publicized work has 
been the many significant results that have been 
obtained by physiological studies on the effects 
of reduced gravity on humans and animals. The 
KC-135 testbed can also be used for determin- 
ing human factors requirements in preparing for 
space flight activities, particularly in practicing 
for the human’s ability to perform particular 
tasks in microgravity. In preparation for space 
flight activities, the KC-135 has provided 
extraordinary service and cost-savings for 
pre-space flight validation of procedures and 
persormel. 

In addition to the simulated low-gravity 
experiments on the human element, a number of 
useful experiments can be performed to check 
out equipment and physical concepts prior to 
initiating the huge expense associated with a 
manifested space flight. Within this concept are 
a number of materials processing experiments 
that allows a preliminary look at the effect of 
reduced gravity on fluid phenomena and 
solidification experiments. The materials 
processing community can and has taken 


advantage of the KC-135 as such a testbed quite 
frequently over the years. 

Much can be learned about the role of 
reduced gravity on both the physical phenomena 
being studied in a materials processing experi- 
ment. The impact of electrical power and 
physical constraints of the aircraft itself, and the 
physiological effects on the personnel perform- 
ing experiments in the varying gravity levels of 
the aircraft all effect how well an experiment 
works on the KC-135. The ultimate goal is 
usually to provide a near free-fall environment 
which allows one to predict how well the same 
experiment would opterate in microgravity and 
in some fashion extrapolate from the 0.01 g 
experienced in the KC-135 to 0.(XXX)1 g 
experienced in space. Hence, the quality of tlie 
aircraft low-gravity period certainly affects the 
experimental results obtained and how it should 
be interpreted. 

Quality of Low Gravity Experienced 
on the KC-135 

There are a number of conditions which 
affect the quality of the low gravity experienced 
by both the experiments and the personnel 
performing the experiments. The most signifi- 
cant factor affecting the quality of low-g 
maneuvers is clear air turbulence, which 
significantly affects about 20% of all flights. It 
is especially prevalent during the winter months 
when the weather along the Louisiana coast is 
quite variable. During good weather conditions 
clear air turbulence is significant in only a few 
low-g maneuvers per flight, and usually without 
forewarning. 

The KC-135 flies a parabolic trajectory to 
achieve low gravity. The trajectory is initiated 
by orienting the nose of the aircraft up at 45° 
during the entry into the low-g phase of the 
parabola and exited at 45° with the nose down. 
The rotation of the aircraft during this inaiieu . ^ ; 
provides a small variation in the actual g Ic.ci 
experienced by the individual cxpciuiieiu'- 
since the variation in g depends on the phy,-u i' 
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location of the experiment in the aircraft. 
Figure 1 was reproduced from a chart obtained 
from the KC-135 Operations Office at JSC. 

Instrumentation 


instrumentation used for the measurements is 
±0.5 mg. 

EXAMPLES OF ACCELERATION DATA 
OBTAINED DURING KC-135 FLIGHTS 


In most experiments it is desirable to obtain 
acceleration data in all three axes. The data 
shown here were obtained from accelerometers 
housed in commercially available triaxial 
mounts. As can be seen in the charts present^ 
here, there are significant acceleration effects in 
all three axes; hence, the triaxial-axial mount 
has been the preferred mounting for ac- 
celerometer data. Two different models were 
used in the data sets presented here. A set of 
Systron-Donner Model 4310A was used for the 
free-floating data sets and a Sundstrant Model 
303T14 were used for the floor-mounted data 
sets. Their accuracies are checked annually 
using the Earth’s gravity as a standard, corrected 
for the latitude of Huntsville, AL. The resolu- 
tion for each set of accelerometers was less than 
0.0001 g. Nominal accuracy for both sets in the 


The University of Alabama in Huntsville has 
operated a variety of experiments on the 
KC-135 since 1983. During this time the flight 
personnel have experienced a full range of 
reduced gravity environments. A large amount 
of accelerometer data has been collected in 
perfomiing reduced gravity experiments on the 
aircraft in this time frame. As mentioned above, 
weather is the most prominent source of a poor 
quality low g experienced by the experimenter. 
In cases where turbulence is excessive or the 
pilot cannot find "clear air" in which to fly 
parabolas, the mission is justifiably aborted. 

There is a "typical parabola" for normal 
flight conditions and an accompanying g level 
profile for any experiment package which is 
bolted to the floor of the aircraft. Note that 



Figure 1 . Variation of g level with respect to placement in the KC-135 aircraft. 
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there is also the possibility of free-floating an parabolas. Note that the g level varies normally 

experiment in order to improve the minimum or between 0.01 to around 1.8 g. Consequently the 

quality of the g level for a particular type of experimental hardware has to function 

experiment. Free-floating experiments require uniformly throughout this range. Other con- 

the operators to hold onto the experiment until straints on the equipment and the supporting 

the low-gravity portion of the parabola is structures which are required for safety concerns 

attained, and then gently release the package. are outlined in the JSC KC-135 User’s Guide 

The package then floats for about 5 to 15 sec which is available from the KC-135 Operations 

depending upon the quality of the parabola and Office, 

the size of the package. The smaller the 

package the more room there is for it to free It should be noted that all of the data pre- 
float prior to contacting the cabin walls. The sented in graph form have been digital filtered 

accelerometer package used to collect the free by a simple running average. This was done to 

float acceleration data was less than 1 ft^. Even eliminate the millivolt level signal noise and the 

a package this small would quite often contact high frequency components from the data for 

the walls after only a few seconds of actual free clarity. When needed every single data point for 

float time. each channel can be recalled and analyzed. 

The best indicator of the effect of the It is interesting to note that although the 

parabolic trajectory is given in Figure 2. This KC-135 flies a parabolic trajectory, the resulting 

chart shows accelerometer data from a series of g profile more closely resembles a square wave. 



TIME IN SECONDS 

Figure 2. Typical accelerometer data obtained during a series of parabolic flights on the KC-135. 
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Thus if one were to model the effects of the 
varying g levels on a KC-135 experiment, it 
would be more realistic to model the g level 
source fimction like a square wave and not like 
the sinusoidal one that would be expected from 
the flight i»oflle. 

There are laige g changes occurring in the 
high-g portion of the flight. Both the experi- 
ments and the passengers experience these 
changes. However, some experiments can be 
performed which take advantage of the higher 
gravity, particularly for solidification studies. 
The non-uniformity of the high-g profile may 
not allow for good scientific results, since the g 
level is more difficult to control. 

A closer look at the low-gravity portion of 
the parabola typically resembles Figure 3. 


There are some minor excursions from 0.01 g 
due primarily to weather effects or instability in 
the aircraft’s flight path. Note that there is 
relatively greater variation in the up/down and 
ftxHit/back motions than in the side/side direc- 
tions. This information is useful for orienting 
experiments which may have specific orienta- 
tion requirements. 

As mentioned eariier, an improvement in the 
low-gravity profile can be obtained by free- 
floating small packages. Figure 4 gives ac- 
celerometer data for an experiment package 
during release and free-float. Note that in this 
experiment there is a data cable attached to the 
package which may cause some of the residual 
acceleration effects seen in the free-floating 
mode. However the g profile is obviously much 



Figure 3. Accelerometer data showing a typical variation in g during 
the reduced gravity portion of the parabola. 
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Figure 4. Example of accelerometer data from an experiment free-floating within the aircraft cabin. 


smoother in the free-floating mode and would 
probably be even smoother without a data cable 
da ngling from the package. In addition the 
package is isolated from the higher frequency 
vibrations originating from the engines, pumps, 
and high velocity airflow aroimd the aircraft’s 
exterior surfaces. Note that at the point maiked 
"RELEASE..." on the graph the package 
free-floated from the operator’s hands. Data 
were averaged to reduce the electrical noise 
level. 

Comparisons of good parabolas experienced 
during good flying conditions with the "bad" 
conditions experienced in turbulent weather 
provide useful criteria with which to judge what 
kind of useful information is being obtained in 
an experiment during flight. 


Obviously excessive motion of the dreraft due 
to turbulent weather will impact the data 
obtained from an experiment which depends 
upon fluid flow. Figure 5 shows such a 
comparison. 

It is obvious from the typical worse case 
example that large g levels greater than 0.1 g 
over several seconds are going to significantly 
affect any materials processing experiment. 
Under these conditions, even the operators in 
the aircraft experience significant turbulent 
motion and bounce around in the aircraft. 

As another final example, on June 4, 1991, a 
series of lunar and martian g parabolas were 
performed. These particular g levels were 
obtained by "stretching" out the trajectory of the 
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VARIATION IN Q LEVEL QUALTTY WAS DUE TO CLEAR AIR TURBULENCE 



0 4 8 12 16 20 24 

TIME IN SECONDS 


Figure 5. Comparison of the quality of the g level during a KC-135 parabolic period 
in good and poor weather conditions. 


parabola the required amount Accordingly the 
length of time increased from the typical 20-25 
sec for a low-gravity period to 26-28 sec for 
lunar g periods and to 29-33 sec for martian g. 
In referring to Figure 6 there seems to be a 
repetitive drift in the vertical g acceleration 
throughout the lunar and martian g period which 
is absent from the low-gravity period. This is 
apparently due to a control problem with the 
aircraft at the time the data were taken. 

DISCUSSION 

The information provided in this report 
presents a good estimate as to the quality a user 
of the KC-135 can expect during a flight. It 
should be clearly noted that these graphs 
provide only a broad view of what one can 


expect - there is no way to accurately predict the 
quality of low g from one parabola to the next. 
With this in mind the inclusion of ac- 
celerometers into the experiment package is 
almost mandatory. A sudden g spike caused by 
either the aircraft or a person striking the 
package and its effect upon the results would 
otherwise be impossible to correlate. 

The types of accelerometers available to the 
experimenter cover a wide range of applications. 
In determining what type of accelerometer to 
use, the following questions need to be 
addressed. 

1. Is a single axis sufficient or are all 
three required? 

2. What arc the resolution requirements? 
Is 1 mg sufficient or should it be even better? 
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3. What is the frequency response 

needed? Piezoelectric accelerometers for 

instance are good for the higher frequencies but 
not the low. 

4. What are the accuracy specifications? 
Factors such as temperature change will induce 
drift in all accelerometer output signals. In 
addition all accelerometers have a certain 
amount of nonlinearity inherent in their design. 


DATA COLLECTED ON JUNE 4, 1991 KC-135 FLIGHT 



0 100 200 300 400 

TIME IN SECONDS 


Figure 6. Comparison of low, lunar, and martian g levels. 


13 




MICROGRAVITY FLOW 
VISUALIZATION 

Sponsor : Commercial Programs through MSFC 

Investigators : Gary L. Workman and 
William F. Kaukler, The 
University of Alabama in 
HuntsviUe, Huntsville, AL 


OBJECTIVES 

Quantification of fluid movement which 
would affect microgravity materials processing 
experiments. Fluid motion observations are 
used to verify the effects of any accelerations on 
fluid behavior within the sample ampoule. 
Quantification and observation of the relaxation 
of the fluid motion upon going into the low-g 
portion of the parabola was also an objective of 
this study. 

Flow visualization data recorded during 
parabolic flight can be used to evaluate fluid 
motions during flight or, in some cases, to 
provide supporting information on fluid motions 
occurring at specific times, such as might occur 
during particular parabolas or in turbulent 
weather conditions. The resulting KC-135 data 
are also useful for obtaining experimental 
parameters in order to develop a model that 
could predict fluid convective behavior in the 
transient g levels of the KC-135, as well as 
provide insight to experimental improvements 
expected when performed on a space-based 
platform. This simulation ability wiU also 
enable a better interpretation of the effects of the 
low-gravity environment of the KC-135 during 
parabolic maneuvers on various materials 
processing experiments. 

EXPERIMENTAL PROCEDURE 
AND RESULTS 

A video flow visualization apparatus, similar 
to a Stockbarger-Bridgman furnace, has been 


constructed using a heater/cooler combination to 
apply a thermal gradient through a transparent 
ampoule and flown in the KC-135 aircraft with 
vertical alignment of the temperature gradient. 
Simultaneous video recording from two or- 
thogonal views of tracer particles during the 
parabolic maneuvers allows observation of 
convective and buoyant flows during changes in 
the gravity vector. 

The apparatus constructed for this experi- 
ment is shown in Figure 1. Two simultaneous 
orthogonal views of tracer particles in the fluid 
of interest are recorded using two CCD cameras 
and combined into a single side-by-side image 
on the video tape, together with pertinent 
experimental data such as g level, temperature 
gradient, and time. Figures 2-4 show 
reproduced images recorded from typical 
KC-135 flight data. Results obtained from these 
flight data were expected, except for some 
subtle indication of rotational motion which was 
not attributable to gravity-driven convection. 
Actual flow velocities are expected to be in the 
range of lO ® to 10 ’ m/sec with the experimen- 
tal arrangement used in this work, with the hot 
zone on top. These rates are difficult to measure 
in a reasonable length of time; hence, the 
computational model described below is 
probably easier to use to establish the flow field 
quantitatively. 

The rotational acceleration concepts are 
difficult to sort out in rectangular sample 
containers and have not previously been of 
much concern to the materials processing 
community. However, the study of the effects 
of rotational acceleration may deserve some 
attention in future research activities. 

Experimental parameters can be adjusted by 
varying the ampoule geometry, and materials 
properties, such as thermal conductivity, densi- 
ty, and viscosity, and thermal conditions can be 
selected to offer a range of values for fluid 
dynamic parameters (Prandll, Schmidt, and 
Raleigh numbers). For example low Prandtl 
numbers are desired to model semiconductor 
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and metal melts as well as predict their be- 
havior. Note also that the sample ampoule in 
the Microgravity Flow Visualization Apparatus 
can be translated during flight to allow sampling 
of various depths with the ampoule. 

A parallel effort to develop numerical 
modeling capability using Easyflow software 
has also been done. Several models were 
developed for simulating water samples and 
germanium to determine if the software gave the 
same results as published woilc. Both steady 
state and transient models, as well as 2-D and 
3-D, were run. Graphical ouQjuts show both 
temperature and convective flows resulting from 
varying g level only during an experiment. 
Rgure 3 shows how the Easyflow software 
displays this information. In general, the results 
using water sample provided much insight into 
the fluid motions occurring during simulated 
parabolic flight and compared quite well with 
the experimental observations. Figure 5 shows 
a t 5 q>ical sequence of how the convective flows 
and temperature gradients change during 
transition from 1.8 to 0.01 g in the numerical 
simulation. We were not able to study rotational 
acceleration in the current version of the 
software. 

The Microgravity Flow Visualization 
Apparatus can provide data from fluid motions 
during KC-135 or space flight in order to 
correlate the effect of such motions on a crystal 
growth or some other materials processing 
experiment. Easyflow models also are able to 
provide computational capability for predicting 
fluid motions during g level changes. The 
subsequent effect of these fluid motions on an 
actual crystal growth process has yet to be 
investigated. 


Griffen, P. R., and S. Motakef, "Influence of Non 
Steady Gravity on Natural Convection During 
Microgravity Solidification of Semiconductors - Part 
2. Implications for Crystal Growth Experiments," 
Appl. f^rogravity Tech. , II, 128-132(1989). 

Wwkman, G. L., Contract Final Report, 
NAS8-36955, D. 0. 72. 

Workman, G. L., and W. F. Kaukler, "Convec- 
tive Flow Analysis on the KC-135 Aircraft," 
AIAA-92-0844. 
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Figure 1. Experimental apparatus used to study convective flow on the KC-135. 
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Figure 2. Dual specimen cell views and overlayed data from video. Data taken June 1991. 
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Figure 3. Ten frames averaged, high gravity. Figure 4. Same as Figure 3 with fi 

derivative+gradient+stre 



Figure 5. Sequence showing velocity flows (streamlines) and thermal gradient in 1-sec increments after going from 1 g to 0.01 g. The 
temperature gradient across the cell is 25 and velocities are on the order of 1 x 10’^ m/s. Easyflow software running on 
a PC provided the computations. 











2. SPACE FLIGHT HARDWARE/EXPERIMENT DEVELOPMENT 
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PROTEIN CRYSTAL 
GROWTH KC-135 FLIGHTS 

Investigator : Lawrence J. DeLucas, Associate 
Director, UAB Center for 
Macromolecular Crystallography, 
University of Alabama at 
Birmingham, Birmingham, AL 


OBJECTIVES 

During the last year, several new hardware 
concepts for protein crystal growth were 
designed and fabricated at the University of 
Alabama at Birmingham (UAB). Each hard- 
ware prototype was tested on three different 
KC-135 flights. The following describes the 
hardware that was tested and the results from 
these tests. 


concentrated buffers and protein solutions used 
for these crystallization experiments. The 
feasibility of withdrawing milliliter quantities of 
these solutions into the Hamilton syringes was 
tested. It was noticed from the first KC-135 
flight that once the vials were 50% depleted, the 
remaining solution wicked along the container 
walls thereby preventing further liquid from 
being withdrawn into the syringe. Several 
different wicking designs were then fabricated 
at UAB and tested on a subsequent KC-135 
flighL The second flight yielded valuable 
information in that one particular wicking 
arrangement consistently held the solution near 
the septum end of the bottle and allowed 95% of 
the contents of the bottle to be successfully 
withdrawn into the syringe. From these experi- 
ments we have now fabricated and approved for 
flight the experiment chambers and buffer and 
protein bottles/vials. 



EXPERIMENTAL PROCEDURE AND 
RESULTS 

Hardware Developed for United States 
Microgravity Laboratory 1 

For this mission, special vapor diffusion 
experiment chambers were developed for use 
with the glovebox facility that will be located in 
the spacelab module. The experiment chambers 
were constructed using polysulfone, a material 
that is non-wetting and generally inert to most 
proteins. Using a prototype glovebox developed 
at UAB that can be used as a level of contain- 
ment for liquids that are extruded into these 
experiment chambers, each experiment chamber 
design was tested on the KC-135. The solutions 
typically used to grow protein crystals along 
with the protein lysozyme were extruded from 
Hamilton syringes into depressions in each 
experiment chamber. The overall method of 
extruding the protein solution into the experi- 
ment chamber was tested and subsequently the 
stability of the microliter size droplets was 
observed. In addition, special vials that con- 
tained a rubber septum were used to house the 
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Hardware Developed for COMET 

A batch crystallization system will be 
utilized for crystallization experiments to be 
performed on COMET currently scheduled for 
Septeember 9, 1992. The hardware design 
requires that two concentrated and viscous 
solutions be mixed once in orbit. It is important 
that the mixing occur quickly and be 100% 
effective. Prototype hardware was designed and 
fabricated at UAB and subsequently tested on 
the KC-135. Two methods were used to 
determine the effectiveness of this design in 
providing adequate mixing: (1) photographic 

documentation using colored solutions, and (2) 
refractive index measurements taken on the 
mixed solutions. The KC-135 flight verified 
that the protot)fpe design provided 100% mixing 
with 5 seconds for the most viscous solutions 
that are typically used in protein crystallization 
experiments. Based on these data, the flight 
hardware is currently under construction at UAB 
and once completed, will again be tested on the 
KC-135 aircraft in 1992. 
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RESULTS 


The KC-135 aircraft has been instrumental in 
allowing prototype hardware concepts to be 
tested, modified, and retested in a short period 
of time. This information has been highly 
beneflcial in allowing us to quickly arrive at 
hardware which can be effectively used in the 
microgravity environment provided by tlw 
space shuttle. Protein crystal growth experi- 
ments are scheduled to fly on several more 
upcoming shuttle flights (an average of three to 
four shuttle flights per year over the next 5 
years). During this time, additional new 
hardware concepts will be fabricated at UAB 
that will require testing on the KC-135 aircraft. 
Therefore, we anticipate continuing to fly an 
average of three times per year to accomplish 
this testing to suRXirt our flight program. 
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CHARACTERIZING 
MICROGRAVITY 
PERFORMANCE OF A 
LABORATORY ROBOT 

Investigators : Elaine Hinman and Cynthia 

Coker, EB24/NASA, Marshall 
Space Flight Center, Huntsville, 
AL; Gary Workman, Carlos 
Rondon, Houcheng Li, and 
David Gilliam, The University 
of Alabama in Huntsville, 
Huntsville, AL 


OBJECTIVES 

Several studies have indicated the need for 
the use of increased automation to increase 
productivity in space. In many cases, these 
studies have concentrated on external or 
extravehicular uses of automation: however, 
telescience as a tool for increased productivity 
has also been cited. During the early phases of 
Space Station Freedom, it may be possible to 
exploit the projected man-tended configuration 
for microgravity science use. 

The objective of this project has been to 
develop an understanding of the requirements 
imposed on laboratory, or high precision, robot 
systems by the microgravity environment. 
Emphasis has been placed on Ending ways of 
reducing transient loads imparted to an object 
manipulated by a robot. The gathering of actual 
low-gravity robot acceleration data, and its use 
in developing an accurate dynamic simulation 
for use in controls work, has been a primary 
focus of this effort 

EXPERIMENTAL PROCEDURE 

This experiment was broken into two major 
components: flight testing and computer 

simulation. Each is described below. 


A robotic workcell, consisting of a Zymaik 
Zymate II robot system, with supervisory 
control provided by a Commodore Ammiga 
2500 computer and PC/AT bridgeboard, was 
developed for flight testing on the KC-135 
aircraft An accelerometer was positioned on 
the wrist of the robot while base aircraft 
accelerations were provided by neighboring 
experiments. The test apparatus is shown in 
Figure 1, 

The robot moved through various trajectories 
during the low-gravity portion of the aircraft’s 
parabola. Most of the robot trajectories tested 
were single-axis motions. This was done in 
order to look at accelerations produced at the 
ends of those particular trajectories, and to try to 
examine the motion’s characteristics rather than 
making the tests too robot-specific. 

Concurrently, the computer simulation was 
developed. The TREETOPS software package 
was used to develop the dynamic model of the 
Zymate flight unit. This program was designed 
for use in dynamic analysis and control system 
development. 

TREETOPS is designed to model and 
simulate multibody structures which have a tree 
topology. TREETOPS may be used to produce 
a time history of interactions which take place 
during the motion of the system modeled. 
Systems are modeled by breaking them down 
into "bodies" connected by "hinges." Actuators 
and sensors are also defined. Characteristics of 
each body, hinge, sensor or actuator are indi- 
vidually entered into the program. For example, 
a body’s mass or the degrees of freedom of a 
hinge would be entered. TREETOPS allows the 
incorporation of outside information on a 
system, such as a user-written control system or 
NASTRAN results. 
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RESULTS 

Several things were learned during the 
course of the experiment. Operationally, 
developing useful trajectories to fit within the 
short microgravity portion of a parabola can be 
done. In this project, short, easily-repeatable 
trajectories were u^. These trajectories were 
run several times to allow for statistical analysis. 
Longer trajectories could be broken into 
component parts and "hooked together" if care 
was taken to account for intermediate stop^nng 
motions. FFT analyses of the flight data are 
currently being performed. 

The initial Zymate TREETOPS model has 
been developed and early test cases run. Actual 


flight results are to be incorporated as the data 
are analyzed to increase simulation fidelity. 
Figure 2 shows the Zymate robot as deflned for 
TREETOPS modeling. A sensor is located at 
point P to measure motions and accelerations of 
the end effector. 

Results from two simulation test cases are 
shown in Figures 3 and 4. In this case a typical 
test trajectory was run, and the mass at the end 
effector was varied. With incorporation of the 
actual robot fligflt data, these simulations are to 
be used to predict performance imder various 
conditions. These predictions can then be tested 
in flight. Control schemes can be tried to reduce 
the accelerations produced while the robot is 
performing different tasks. 



Figure 1. KC- 135 robot flight unit. 
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Figure 3. Trajectory with end effector mass of 1 kg. 
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Figure 4. Trajectory with end effector mass of 50 kg. 
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KC-135 EXPERIMENTAL 
PROGRAM CASTING AND 
SOLIDIFICATION 
TECHNOLOGY 

Investigator : M. H. McCay, University of 
Tennessee Space Institute, 
TuIIahoma, TN 


OBJECTIVES 

The use of metal models to study the 
solidification process is very common and is the 
approach used in this research. The models 
chosen are transparent and provide a medium 
easily probed by optical diagnostic techniques. 
The dependence of the index of refraction of the 
material on its density permits concentration and 
temperature gradients to be measured in real 
time through phase sensitive optical techniques. 
The author has used a variety of such techniques 
to study solidification in ammonium chloride 
and water and the results have been reported in 
several publications. This research used a 
solution of 28 wt% NH 4 Q-H 2 O along with the 
central daiic ground method^ to study the effect 
of varying gravity level on diffusion-limited 
unidirectional dendritic solidification. 

EXPERIMENTAL PROCEDURE 
Metal Model 

The metal model chosen for this study, 
ammonium chloride and water, solidifies 
dendritically and is optically transparent with an 
index of refraction that is a function of both 
temperature and concentration. The variation of 
refractive index has been characterized by the 
equation^ 

n = 1.337 - 1.73 x IQ-^CT - 22 °C) - 1 - 

( 1 ) 

1.63 x 10-3(C - 27.07 wt%). 


where n is the index of refraction, T is the 
temperature in °C, and C is the concentration of 
ammonium chloride in wt%. In addition, the 
rejected solute produces a light layer within the 
mushy zone and thus this solution is an excel- 
lent model for superalloys which also produce a 
light layer as they solidify. This characteristic 
permits the stability of such layers to be studied 
using the metal model material. 

Diffusion Layer Stability 

The diffusion layer for the system under 
study is composed of water-rich liquid which is 
solutally lighter than the bulk. This gives rise to 
a classic Rayleigh-type instability which the 
authors have examined in detail.*'^ One of the 
original purposes of performing the experiments 
reported here in low gravity was to reduce the 
Rayleigh number and permit the diffusion layer 
to develop fully. The NASA KC-135 low- 
gravity aircraft permits only 30 seconds of low 
gravity interlaced with 90 seconds of twice the 
Earth’s gravity. This negates the opportunity to 
study breakdown of the layer, however, the 
30-second low gravity should be sufficient to 
detect growth differences between laboratory (1 
gj.) and low-gravity environments. 

Solidification Assembly 

Figure 1 is a schematic of the solidification 
assembly. The solution was sealed in a quartz 
cuvette instrumented with thermocouples along 
the side walls. Thermoelectric devices (TEDs) 
placed at the top and bottom surfaces were used 
for heating and cooling and the entire process 
was computer controlled to meet preselected 
conditions. A positive temperature gradient was 
applied between the TEDs, and the gradient was 
ramped downward at a selected rate. An 
expanded collimated laser beam was directed 
through the cuvette and optically processed to 
extract index of refraction data. 
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Optical Assembly 

For both the groxmd-based and KC-135 
experiments the solidification assembly was 
operated on the specially built flight-worthy 
optical system shown schematically in Hgure 2. 
All processes and data acquisition were com- 
puter controlled. The optical data recording was 
accomplished with CID video cameras which 
permitted the use of image analysis equipment 
for post-flight data reduction. By using two 
cameras, both the central daric ground optical 
methods and a neutral buoyancy particle 
tracking Schlieren technique could be used 
simultaneously. 

The video systems provided a continuous 
recoid of the optical character of the cuvette’s 
fluid. A video card within the personal com- 
puter control and data acquisition system was 
used to provide video output of pertinent 
thennocouple data so that all absolutely required 
information was in video format. 

Procedure 

The pertinent physical parameters selected 
for this study are given in Table 1. A hold 
period of 90 minutes, consistent with the time 
available on the aircraft, was used for both 
ground and flight experiments. This was known 
to be sufficient to give linear thennal gradients 
and an acceptable interface flatness. On the 
flights, the initial conditions could only be set 
up for the first set of parabolas. After that the 
conditions were less than optimum due to the 
high gravity periods experienced during the 
parabolas which led to extreme convection, 
mixing, and general turmoil. 

SUMMARY 

The basic objective of these experiments was 
to examine the growth of the diffusion layer 
above the solidification front and compare that 
growth with ground-based growth of the layer at 
the same conditions. Figure 3 shows photo- 


graphs of the confocal system video image 
during solidification. The dark band is the 
refraction null which corresponds to the density 
inversion associated with rejection of lighter 
fluid during solidification. The center of the 
null is used as the measure of the diffusion layer 
growth. Figures 4 and 5 present the null layer 
size as functions of time for the ground-based 
and flight experiments, respectively. The low-g 
portitm of the flight is shown with dark symbols. 
The significant information on the plots is the 
slope. In previous experiments the flight data 
slopes had been significantly larger (20%) than 
the ground base. The slopes for the new data do 
not reveal that trend. Within experimental error 
the slopes are approximately the same, 0.89 
mm/min. 

Rgure 6 is a photograph of fluid behavior 
during low gravity. The observance of a "slosh" 
is evidenced by the non-vertical streaming of 
salt finger plumes which are always observed 
after diffusion layer breakdown. The lateral 
sinusoidal behavior was also observed in 
accelerometer data.® This lateral gravity "slosh" 
was noted for all run conditions. Since the 
Rayleigh fluid configuration is inherently 
unstable to lateral accelerations, this reflects 
strongly on all the data obtained. 
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Figure 1. Schematic of cuvette solidification assembly. 
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Figure 2. Schematic of KC-135 optical system. 


31 






Table 1. Solidification Run Conditions 

Temperature Gradient 15 °Cycm 

Temperature Ramp Rate 8 °CAnin 

Temperature Gradient Hold Time 90 min 

Bottom Cuvette Temperature 22.5 °C 


Gravity Alignment Solidification Axis 



t= 1.37 min t = 1.78 min 


Figure 3. Time sequence of solidification during KC-135 flight (COP view). 
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Minutes from Start of Temperature Ramp 


Figure 4. Null middle height as a function of time (ground base). 



Minutes from Start of Temperature Ramp 

Figure 5. Null middle height as a function of time during the first parabola and pullout (KC-135). 
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Figure 6. Knife edge Schlieren views of pluming during solidification at (a) 3.12 minutes with minimal 
yaw acceleration and (b) 3.17 minutes with significant yaw acceleration. 
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EVALUATION OF MIXING 
TECHNIQUES AND 
PROTOCOLS FOR 
ZEOLITE A AND 
ZEOLITE X 

Investigators : A Sacco, Jr., A. G. EHxon, 
and R. W. Thompson, 
Worcester Polytechnic 
Institute, Dept, of Chemical 
Engineering, Worcester, MA 


OBJECTIVES 

To observe and evaluate mixing of zeolite A 
and zeolite X solutions using four different 
mixing nozzles and numerous mixing protocols. 


EXPERIMENTAL PROCEDURE 
AND RESULTS 

Fourteen transparent autoclaves were used to 
test the degree of mixing of zeolite A solutions, 
both clear and slurries, and several zeolite X 
solutions. The autoclaves were activated using 
a power screwdriver similar to the Orbiter- 
supplied power screwdriver. Table 1 outlines 
the experimental matrix that was followed. 

Observations confirmed the ease of activa- 
tion of all the autoclave/nozzle designs. The 
bubbles observed during mixing suggest solid 
body rotation is taking place with some nozzle 
designs. In general, the Sacco Flapper and the 
Injector nozzle designs appeared to give the 
most uniform gels, as determined by visual 
in-flight observation and post-flight analysis. In 
general, zeolite X gels were not mixed as 
effectively as were the zeolite A gels. 



Table 1. Preliminary Experimental Matrix to Establish ZCG Protocols 


Type of Solution 


1 ypc vji 

Sacco Flapper 

1 



4/5+ 

Zeolite A slurry 

2 

3.5/5 

Zeolite A slurry 


3 

4/5+ 

Zeolite X 


4 

3.5/5 

Zeolite X 

Piston 

5 

5/5 

Zeolite A clear 


6 

5.5/5+ 

Zeolite A clear 


7 

5.5/5+ 

Zeolite X 


g 

5/5 

Zeolite X 

Bac Fl^per 

9 

4/5+ 

Zeolite A clear 

10 

3.5/5 

Zeolite A clear 


11 

4/5+ 

Zeolite A slurry 


12 

3.5/5 

Zeolite A slurry 

Injector 

13 

4.5/5+ 

Zeolite A clear 

14 

4.5/5+ 

Zeolite A clear 
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KC-135 EXPERIMENTAL 
PROGRAM - LOW- 
GRAVITY TESTS FOR 
USML-1 GLOVEBOX 
EXPERIMENTS #4 AND #11 

Investigators : E. H. Trinh and J. Dejtew, 

Jet Propulsion Laboratory, 
California Institute of 
Technology, Pasadena, CA 


OBJECTIVES 

The controlled deployment of liquid samples 
in low gravity is determined to a large extent by 
the solid-liquid interfacial properties of the 
materials used. For liquids having low wetting 
angle with the solid injection mechanism, the 
deployment of drops having pre-determined 
volume and near-zero momentum must be tested 
under low-gravity conditions. The KC-135 
environment is ideally suited for the testing of 
breadboard designs in preparation for the 
USML-1 Glovebox experiments. The second 
experiment under study deals with ultrasonic 
bubble positioning and manipulating. The 
testing of a bubble positioning device in low 
gravity prior to the USML-1 mission is also 
indispensable since the bubble trapping condi- 
tions are difficult to predict from 1 g 
experiments. 

EXPERIMENT PROCEDURES 
AND RESULTS 

Both experiments have been tested using the 
rack and breadboard designed for ultrasound 
levitation experiments carried out under another 
task. The j^paratuses are screw fastened on the 
optical breadboard and are manually operated 
while the results are recorded by a video 
camera. Figure 1 is a photograph of the ex- 
perimental setup for experiment #4, the low- 
gravity drop deployment study. Figure 2 is a 
photograph of the apparatus for experiment #11, 
the bubble dynamics investigation. Experiment 
#11 can be operated with the electronics 


included in the rack, or by using the compact 
control box designed for flight shown in Figure 
2. Both devices are used mostly during other 
low-gravity periods of the parabolas, although 
experiment #1 1 also allows the trapping of large 
(greater than 5 mm) bubbles in normal and 
elevated g levels. 

Experiment #4 Results 

The tests carried out aboard the KC-135 have 
been designed to allow the experimental 
evaluation of various injector tips for the 
deployment of aqueous solutions as well as 
silicone oil drops. The tips have been designed 
such that they can be interchanged in the Drop 
Physics Module (DPM) deployment mechanism. 
The current version of the tips to be used in the 
DPM has been shown to be quite satisfactory for 
the deployment of water and aqueous solutions 
of glycerol, but not adequate for the deployment 
of silicone oil. For the latter liquid, KC-135 
tests using samples having kinematic viscosity 
of 50 and 100 cSt have suggested that a flat 
plate design allowing the deployment of a 
floating zone also permits the deployment of 
large (greater than 1 cc) drops with minimal 
initial linear momentum. Figure 3 reproduces a 
series of photographs depicting the various 
stages of drop deployment. 

The same approach has been shown to allow 
the reliable deployment of liquid shells, i.e., 
drops containing a gas bubble, but no test 
involving liquid-liquid combinations (compound 
drops) has yet been carried out. 

Experiment #11 Results 

A unique design of an ultrasonic cell has 
been shown to allow the consistent trapping of 
gas bubbles of up to 1 cm in diameter in 1 g 
laboratories. The same approach was planned 
for the Glovebox experiments in microgravity. 
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Rgurc 1 . Experimental apparatus for GBX experiment #4. A large drop is shown being deployed 
following the break-up of a floating zone. 



Figure 2. Experimental ^paratus for GBX exerpiment #1 1. 
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Figure 3. Photographs of various stages of the break-up of the floating zone. 


The series of tests conducted in 1991, however, 
have shown that this would not lead to stable 
positioning of the bubbles in low gravity, and 
that a different set of parameter settings will be 
required. In particular, recent experiments have 
shown that the acoustic cell resonance at 22.5 
kHz cannot be used, and that the third hannonic 
at 65 kHz will be required. Although both 
modes of operation were initially planned, some 
modifications in the flight experiment design 
have been necessary. 

The test runs have shown, however, that air 
bubbles of about 1 cc in volume have been 
trapped and that the bubbles have been driven 
into shape oscillations, thus demonstrating the 
basic feasibility of the experimental objectives 
for USML-1. Further tests will be carried out in 
order to fix the parameters for the flight unit, 
and for the accurate definition of the flight crew 
procedures. Figure 4 are photograprfis of 8 mm 
bubbles trapped in 1 g and in low g during 
testing aboard the KC-135. 

SUMMARY 

The low-gravity periods provided by the 
KC-135 parabolas have proved to be valuable in 
the design of both experiments #4 and #11. In 
the first case, low-gravity tests have prompted 
the redesign of injector tips for the deployment 


of silicone oil in microgravity, and have allowed 
verification testing. In the second case, the 
low-gravity studies have revealed that the 
planned approach was not adequate, thus 
leading to an alternate and successful mode of 
operation for microgravity. In both cases, the 
KC-135 experiments have greatly enhanced the 
probability of success of the shuttle flight 
experiments. 
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(c) (d) 


Figure 4. Low-gravity experiment carried out in the KC-135 airplane. 8 mm bubble trapped in an 

ultrasonic sound field excited in a water-filled cell, (a) non-oscillating stationary bubble; (b) 
same bubble undergoing sha(» oscillation driven by modulated ultrasonic radiation pressure; 
(c)-(d) 8 mm bubble trapped in an ultrasonic standing wave in 1 g. The oblate and prolate shapes 
have been captured on the photograph by strobed lightning. Capillary waves on the upper 
surface are excited by the ultrasonic field used for the positioning of Ae bubbles. 
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ROLE OF KC-135 EXPERI- 
MENTS IN DEVELOPING 
LOW-GRAVITY POLYMER 
PHASE SYSTEM DEMIXING 
AND BIOPROCESSING 
RESEARCH 

Investigators : J. M. Van Alstine, The Univer- 
sity of Alabama in Huntsville, 
Huntsville, AL; R. C. Cronise, 

S. Bamberger, and P. A. Curreri, 
NASA, Marshall Space Right 
Center, Huntsville, AL 


OBJECTIVES 

The objectives of KC-135 phase partition 
research are to identify and screen candidate 
polymer phase systems, and experimental 
variables, for low-gravity bioprocessing and 


basic science experiments. In addition KC- 
135-based research supports hardware/ 
procedure development and crew training 
associated with the Partition Bioprocessing 
Program (Figure 1). 

EXPERIMENTAL PROCEDURES AND 
HARDWARE 

Experimental procedures have been de- 
scribed in detail elsewhere.’-^ Phase systems (of 
varied salt and polymer, type and concentration) 
possessing different physical properties' are 
placed into clear chambers (glass, Plexiglas, or 
Lexan). Chamber inner surfaces may be 
modified whole or in part with various polymer 
coatings.^-5 Other chamber variables include 
volume and geometry. Just prior to, and after, 
entering low gravity the systems are emulsified 
using manual (mixing ball) or automated 
(magnetic stirring). Demixing is then recorded 
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using a camera or a video recorder. Hardware 
used for KC-135 experiments formed the basis 
for shuttle/rocket hardware and has been 
discussed previously. 

Experimental photographs, coded on the 
negative with hr:min:sec data, are digitized and 
subjected to computer-aided analysis (Figure 2 
and references 2 and 3). Analysis involves 
image enhancement followed by fast Fourier 
transformation to yield a power spectrum which 
peaks at a frequency proportional to the inverse 
of the average distance between adjacent 
domains (Figure 2). Results expressed in terms 
of average phase region diameter (or radius) 
versus time (t) are fit to various models of 
demixing and used to estimate time for demix- 
ing to occur in space. The latter allows accurate 
planning of shuttle and rocket experiment time 
lines. 

Fliase system preparation and properties have 
been presented in detail elsewhere.'-^ * The pH 
7.4 phase systems discussed here are a 7% 
(w/w) Dextran 40 (Pharmacia), 5% (w/w) PEG 
8000 (Union Carbide), 150 mM NaCl, 7.3 mM 
Na2HP04, 2.3 mM NaH2P04 system designated 
as (7*,5,0)V or "G" and a 5.5% (w/w) Dextran 
500, 0.7% (w/w) PEG 8000, 9.5% (w/w) FicoU 
4(X) (Fliaimacia), 85 mM Na2HP04, 25 mM 
NaH2P04 system designated (5.5,0.7,9.5)VI or 
"J." Use of the neutral poly-sucrose Ficoll 
reduces the density differences between the 
phases creating an "isopycnic" control system 
whose demixing is not appreciably affected by 
gravity. The PEG or FicoU rich phase is 
typically dyed with Trypan Blue (Aldrich) 0.05 
mgAnl. 

RESULTS AND DISCUSSION 

On Earth polymer phase system emulsions 
demix by a complicated sequence of events. 
The initial emulsion consists of micron-sized 
phase droplets which rapidly coalesce and 
within seconds begin to sediment Sedimenta- 
tion promotes the growth of larger domains, the 


demixing rapidly evolving into a convective 
process with active "phase streaming."*-^ In low 
gravity, coalescence, initiated as in 1 g, contin- 
ues in an apparenUy self-driven manner. After a 
time period, which can vary from a minute to 
hours (for a 3 ml sample) demixing is complete. 
Some systems exhibit appreciable demixing 
over the 15 to 20 seconds of low gravity 
obtainable on the KC-135. Due to small phase 
density differences (e.g., 0.04 g/cc) and appreci- 
able phase viscosities (e.g., 4-30 cP), KC-135 
results are similar to those obtained in space at 
lower gravity levels (see below). 

Low-g coalescence demixing suggests that 
the kinetic data for different systems should 
have similar slopes when domain growth is 
expressed as a function of log t. Figure 3 
iUustrates the expected result for the isopycnic 
system (J) in 1 g and the (7,5,0)V system (G) on 
the KC-135. Different symbols refer to inde- 
pendent experiments. Figure 4 iUustrates Uie 
same data (versus t) in relation to that obtained 
on a shuttle flight. One can see that the isopyc- 
nic system is a valid control/model system, 
while the KC-135 is able to provide quality low 
g demixing data. 
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Figure 2. Kinetic analysis of system 1 at 70 s after mixing in low g on STS-26. The photographic image (a) 
was corrected for uneven illumination, (b) its contrast was enhanced by setting an upper and lower 
intensity threshold, (c) and high-frequency noise was reduced by image smoothing (d). Panel e indicates 
the two-dimensional intensity distribution of the FFT of the image in panel d. Panel f indicates the power 

spectrum ( ) and its Gaussian approximation ( — ). The bars in panels a and e represent 0.2 and 50 

cm ^ respectively. 
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Figure 4. Linear regression lines of mean droplet size vs. time in phase system G on STS-5 ID and 
KC-135, and phase system J on STS-5 ID and on Earth. 
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3. TRANSPORT AND INTERFACIAL STUDIES 
IN TRANSPARENT SYSTEMS 
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CONTROL OF DEMIXING 
OF IMMISCIBLE LIQUIDS 

by container shaper 


InvesUgalore: J. M. Hanis. B. A. Hovanes, and 
M. Mori, Department of 
Chemistry, The University of 
Alabama in Huntsville, 
HuntsviUe, AL 


OBJECTIVES 


should result in movement of fluids in the first 
case, but not in the second case. 

The results of the KC-135 flight experiment 
with the tub-shaped contmners are shown in 
Figures 1 and 2. Interestingly, the water did 
move in the first (wetting) case, to give the final 
configuration shown. Note that the Concus 
theories do not predict the final configuration. 
It is also interesting that in the second (non- 
wetting) case the fluids also move but not to the 
same final configuration. 


This project is concerned with gaining 
understanding and control of the fluid physics of 
demixing immiscible liquids in low g. In 
particular we are interested in the effects of 
container shape and wall coatings on location 
and rate of demixing. We have done many 
experiments on the important system made from 
aqueous solutions of poly(ethylene glycol) and 
dextran. These phase systems are, however, 
relatively viscous and do ixit demix rapidly 
enough to be useful for KC-135 flights. Thus 
the current experiment was performed with 
water versus air and was designed to test the 
ability of a tub-shaped container to control the 
location of the demixed phases. 

EXPERIMENTAL PROCEDURE 
AND RESULTS 


This work has been stimulated by the 
investigations of Paul Concus and coworkers 
(UC Berkeley) and their theories guide under- 
standing of the shape effects. We recenUy flew 
an experiment with tub-shaped containers on the 
KC-135. These containers were filled half with 
water and half with air. In one case a small drop 
of detergent was added to the water. In this case 
the water-waU contact angle was 2°. In the 
second case, clean water without detergent was 
used and the glass was coated with a commer- 
cial nonwetting silicone treatment to give a 
water-wall contact angle of 105°. According to 
the Concus’ theories, removal of the g force 
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2-3 degrees 



Figure 1. Results for KC- 135 flight experiments for tub-shaped container (wetting case). 








-105 degrees 
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Figure 2. Results for KC-135 flight experiments for tub-shaped containers (nonwetting cave). 







FLUID INTERFACE AND 
BUBBLE EXPERIMENT 

Investigators: Fred W. Leslie, NASA, Marshall 
Space Flight Center, Huntsville, 
AL; Roger F. Cans, University 
of Rochester, Rochester, NY 


OBJECTIVES 

The objective of these exerpimcnts is to 
validate models of the equilibrium configuration 
of two phase rotating fluids in a low-gravity 
environment. 

EXPERIMENTAL PROCEDURE 
AND RESULTS 

One way to control large amounts of liquid 
in near-Earth orbit is to rotate the container, 
holding the liquid against the outer wall. In 
many applications it is important not only to 
know where the vapor is, but to know that it is 
symmetrically distributed. A bubble that is 
small compared to the size of the container is 
free to move within the container, though 
remaining near the axis. The Fluid Interface and 
Bubble Experiment was conducted to inves- 
tigate the behavior of a free liquid surface 
undergoing rotation in a low-gravity environ- 
ment. Of particular interest is the shape and 
stability of a free surface in contact with 
boundaries. Both of these phenomena are 
controlled by the magnitude of the surface 
tension, the centrifugal force, and to a lesser 
extent the low gravity. Three different ap- 
proaches were used in this research: analytical, 
numerical, and experimental. An equation for 
the equilibrium shape of the bounded interface 
was derived using LaPlace’s relation between 
the pressure drop across the interface and its 
total curvature. The equation was solved 
analytically for simple cases in which gravity, 
surface tension, or centrifugal force individually 
dominated. In order to obtain solutions, an 
experimental apparatus to measure free surface 
shapes in low gravity was flown in the low- 



gravity environment of NASA’s KC-135 
aircraft 

Figure 1 shows a comparison between the 
observed and computed surface shape. For this 
case, a cylinlder 4 cm deep with a 20 cm radius 
was partially filled with a known amount of 
ethanol and rotated about the cylinders axis. In 
the low-gravity environment, the capillary and 
centrifugal forces compete for controlling the 
shapes of the interface. The measurements of 
the observed shape were obtained by digitizing a 
photograph of the interface, scaling it, and 
passing the data through a ray trace program to 
eliminate the optical distortions created by the 
cylindrical container. The compari.son shows 
good agreement for the steady state case. 
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DECISIVE TEST OF 
BIOCONVECTION IN 
VARIABLE GRAVITY 

Investigators: Helen C. Matsos, David A. 

Noever, and Raymond J. Cronise, 
NASA, Marshall Space Right 
Center, Huntsville, AL 


OBJECTIVES 

The objective of this study is to determine 
the mechanism (gravity-dependent or- 
independent) causing bioconvective pattern 
formation in dense cultures of swimming cells. 
The term bioconvection’ describes the curious 
streaming patterns observed in dense cultures of 
free-swimming cells. Such cultures are ob- 
served to concentrate spontaneously into 
remarkable flowing polygons and triangles. 

EPERIMENTAL PROCEDURES 

The experiment was conducted on the 
KC-135 aircraft during successive parabolas 
such that the same culture acted as its own 
control.^'^ Neither fluid properties, organism 
count, age, nor motility was altered. Unlike an 
isopycnic test, viscosity** and osmolarity applied 
to identical titers in flexible geometries. Three 
types of bioconvecting cells were tested: a 

ciliate (Tetrahymena), a flagellate (Polyto- 
mella), and sperm (Corine goat). Patterns were 
video-recorded, then digitized for image 
analysis (figures 1 and 2). 

RESULTS 

To explain the cause of bioconvection, three 
schools of thought have been put forward: (1) 
the gravity hypothesis, that cells swim upward 
against gravity and since they are heavier than 
water, subsequently turn over or stir their fluid 
culture into elaborate networks of rising and 
sinking cells; this is akin to Benard cells of 
thermal convection; (2) the drafting hypothesis 


that cells draft or otherwise become linked 
together in their swimming by fluid viscosity; 
and finally (3) the chemical hypothesis, that 
cells detect and self-assemble in response to 
chemical (e.g., oxygen) gradients near their 
neighbors. Previous attempts to isolate and 
study these causes without at least one other 
mechanism interfering have failed. For ex- 
ample, the preparation of equidensity; isopycnic 
cultures introduce changes in both fluid density 
(gravity hypothesis) and viscosity (drafting 
hypothesis) with uncertain effects on the cells’ 
chemistry (chemical hypothesis). However, by 
observing pattern formation in modulated 
gravity during parabolic flights, the cause of 
bioconvection can be identified decisively. 

Right results indicate that (1) those cells 
biologically capable of remaining active at 
extremely high concentrations (e.g., 10 billion 
cells per ml) form patterns by drafting for each 
other, while (2) cells at lower concentrations 
(e.g., one million cells per ml) form patterns by 
sinking and rising in response to gravity. The 
chemical mechanism did not generally lead to 
pattern formation in the absence of gravity or 
drafting. 

By understanding the mechanism causing 
bioconvection, new applications can be designed 
for pharmacological studies and cell separa- 
tions.^’® For example, bioconvective patterns 
have been used successfully to monitor cad- 
mium toxicity in polluted water and to construct 
strategies to counter cadmium’s lethal activity 
by supplementing protective calcium, nickel, or 
copper. In addition, for cell separations, 
200-300% fractional splits have been obtained 
routinely in a rotating spectrometer in a single 
pass on bioconvecting cultures. 
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Figure 1. Video-recorded bioconvection pattern. 


56 


ORIGINAL PAGG 

BLACK AND WHITE PHOTOGRAPH 



mean free path, L (cm) 


0.03 


0.02 


0.01 


0.00 

5 6 7 8 9 10 11 

concentration (log) (cm ) 


Figure 2. Digitized bioconvection data. 
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■ FOAM FRACTIONATION 
OF LARGE PARTICLES IN 
LOW GRAVITY 

Investigator : David A. Noever, NASA, 

Marshall Space Flight Center, 
Huntsville, AL 


OBJECTIVE 

The objective of this study is to foam 
fractionate large, heavy particles in low gravity 
as model systems for separations of premium 
biologicals and whole cells with minimal 
surfactants. 

EXPERIMENTAL PROCEDURE 
AND RESULTS 

Gravity affects foam floatation in several 
ways: gravity (1) limits floatable particle sizes, 
(2) leads to bubble coalescence from film 
drainage, (3) increases surfactant requirements, 
and (4) increases bubble-particle collision 
velocities. Gravity sets an upper limit on 
particle sizes which can be adsorbed effectively 
on bubble surfaces. For large particle sizes 
adhered on bubbles, Scheludko [1] derived a 
theoretical limit which scales as the inverse 
one-half power of gravity: an order of magni- 
tude increase in particle sizes is predicted for 
each two-order magnitude reduction in effective 
gravity. 

Three materials were used for sample tests: 
stainless steel cut wire shot (Pellets, Inc., 
Tonawanda, NY, 0.0584 cm), uncoated glass 
beads (Jaygo, Mahwah, NJ, 0.04 cm), and silica 
sand (Activa Products, Marshall, TX, > 0.035 
cm). Volumes of the particulate suspension (50 
ml) were foamed in a Plexiglass apparatus 
(Figure 1), consisting of a vertical-sided tube 12 
cm long and 1.3 cm in diameter. A sidearm 
served as feed source for an air pump (max. 10 
ml s'*) and excess gas was vented from a raised 
exit port. Solids from the product stream 
(foamate) were sampled at the conclusion of a 


low-gravity batch run without introducing a 
foam-collapsing agent All experiments were 
conducted using a foaming suspension of 50 ml 
DI water, 1 ml glycerine, and 5 ml Dawn brand 
liquid detergent. Each test was performed 
between 26-28 °C. The gas foaming rate was 
adjusted to the highest level which avoided 
liquid entrainment of feed material. 

Foam fractionation of heavy particles has 
been obtained in low gravity. Results for large 
silica, glass, and steel pellets (> 0.2 mm), Table 
1, show that by using minimally supporting 
froths, both mass transport and separation are 
possible. For single-pass batch separations in 
low gravity, concentration factors reached a 
three-fold (compared to a nine-fold theoretical 
limit and no separation in unit gravity. Figure 
2). Better understanding of gravity effects is 
aimed toward splitting large particle sizes from 
low surfactant fluids; possible interest includes 
bubbling premium biologicals (whole cells, 
proteins, and viruses, etc.) from native solutions 
without surfactant addition or membrane 
disruption. 
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Figure 1. Schematic of foam fractionator, top and side view. Apparatus dimensions 
described in text. 
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SMALL-OVER-LARGE FLUID 
INSTABILITY IN TWO- 
DIMENSIONAL SOAP 
FROTHS 

Investigators : David A. Noever and 

Raymond J. Cronise, NASA, 
Marshall Space Flight Center, 
Huntsville, AL 


OBJECTIVE 

Random networks of cellular patterns abound 
in nature. Examples include polycrystalline 
boundaries,* magnetic bubble domains,^ acidic 
monolayers,^ and biological membranes.'* A 
striking universality among these networks has 
been identified; its basis derives not so much 
from any specific materials property, but more 
broadly from mathematical restrictions on 
completely filling n-dimensional space.^'^ 

The nature of bubble flow is studied as a 
novel fluid instability; bulk flow in this case is 
driven by the heavier fluid mass associated with 
smaller bubbles supported by larger bubbles, a 
"small-over-large” instability. Low gravity is 
used to prepare the otherwise inaccessible initial 
state of uniformly-wetted, but undrained soap 
cell borders. Subsequent high gravity is applied 
as a step function without otherwise disturbing 
the chamber (e.g., tilting). Bulk bubble flows 
are found to describe the lattice rearrangements 
and analogies are drawn to a "heavy-over-light" 
fluid Rayleigh-Taylor (R-T) instability.* 

EXPERIMENTAL PROCEDURE 

A rectangular Plexiglass chamber confined 
the soap froth (Figure 1). Inner dimensions 
were 14.5 x 19.5 x 0.32 cm^; five fill ports 
provided direct access to the interior fluid and 
bubble lattice. In composition, the soap solution 
was similar to Glazier, et al.;^ 5 ml of Dawn 
brand liquid detergent was added to 50 ml of 
deionized water and 0.2 ml blue food coloring. 


Like previous reports, froth dynamics did not 
depend on the exact recipe. The bubble lattice 
was formed using an annealing procedure. Prior 
to testing, 10 ml of solution was injected. The 
cell was tipped on edge, such that a fluid pool 
gave a comer reservoir for air bubble injection. 

The chamber was initially placed horizon- 
tally in brackets and subsequently in low gravity 
given a perpendicular tip (Figure 2). This 
tipping procedure was found not to disturb the 
initial network nor the fluid distribution; 
low-gravity cell borders remained thick with 
soap solution. In this perpendicular position, the 
evolution of the bubble lattice was videotaped 
during successive steps between high, low, and 
unit gravity. Gravity-induced fluid drainage 
occurred perpendicularly to the cell borders. 
The random lattice was occasionally refreshed 
between parabolas by rapidly shaking the 
chamber. This gave a new initial network (with 
approximately the same cell dimensions as those 
blown with air directly). In all cases examined, 
the network showed a broad spread in both 
non-hexagonal cell sides and cell areas. These 
networks could properly be termed, 
disordered. 

RESULTS 

When a heavy fluid is layered over a lighter 
fluid (e.g., water over oil), conditions are set for 
a classical instability, the (R-T) instability.* 
Small perturbations of the top, heavy fluid grow 
to form downstieaming fingers, such that the 
layers begin to exchange positions (if viscosity 
and surface tension effects do not dominate). In 
its simplest one-dimensional case, the in- 
stability’s driving force is a vertically applied 
acceleration (e.g., gravity) and the relative 
density difference [(p-Po)/(P+Po)l determines 
the evolution of both fluids. 

Similar conditions for froth redistributions 
can be formulated in bubble lattices. Like a R-T 
mechanism, applied acceleration is the driving 
force, but flow is predicted even in an equal 



63 



A B 


Figure 1. Apparatus orientation with respect to applied gravity force for (i) gravity drainage and (ii) 
c^illary uptake. For the top series (i) of gravity drainage, step A corresponds to 1 g 
"horizontal" orientation before tipping in low gravity; step B corresponds to 2 g "vertical" 
orientation following reapplication of gravity. For the bottom series (ii) of capillary uptake, 
the orientation is always vertical with respect to applied gravity in step A in 1 g and step B in 

10^ g. 
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Figure 2. Digitized bubble lattices for different times (s). The bulk direction of bubble reorientation is 
clockwise, with the majority of smaller bubbles (with maximum perimeter to area ratios) 
settling to the bottom in high gravity. 
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density fluid. The key feature is bubble size. 
For a uniformly wetted lattice, areas occupied 
by smaller bubbles carry more net fluid than 
equivalent areas of larger bubbles. Hence 
regions of an accelerated lattice in which larger 
bubbles support smaller bubbles will tend to 
redistribute or turn over. The greater fluid mass 
on smaller wetted bubbles moves to a more 
stable, bottom configuration. 

Rayleigh originally suggested such a tech- 
nique to solve for the stability of a liquid 
cylinder.’® Here we use a similar approach to 
quantify conditions for instability between two 
superposed and accelerated liquid masses which 
wet bubbles of different sizes. 

The bubble lattice is modeled as two overly- 
ing fluid masses with effective densities (p,p„) 
subjected to varying gravity (g) acting in a 
vertical (z) direction. The interface between the 
fluid masses is perturbed by a one-dimensional, 
infinitesimal disturbance. The arbitrary distur- 
bance is expanded in a Fourier series, one term 
of which will be considered, T) = a sin kx. 


For experiments, the instability can be 
described by a modified form of the dimension- 
less Bond number, 


B 

° a 


<Do 

<D> 


- 1 ) 


For stability, this describes the relative impor- 
tance of competing gravity and surface tension. 
Here, we treat the stability limit where ^ is the 
layer thickness of small bubbles overlying an 
infinite netwoilc of large bubbles. As shown in 
Figure 4, small Oarge) Bond numbers are stable 
(unstable). Negative Bond numbers correspond 
to regions which are density-stable (region I of 
figure 3). The lower right inset to Figure 4 
shows digitized experimental images of over- 
turning random networks wherein small bubbles 
cascade over larger ones (see Figure 2). A 
similar effect may exist in large bubble columns 
which are misaligned with the vertical gravity. 
A 1° tilt leads to changes in fluid composition 
and channeling, akin to the overturning we 
observe.” 
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for disturbances with wavenumber. 
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As shown in Figure 3, the model predicts 
unstable wavenumbers k for infinitesimal 
perturbations as a function of bubble size ratio; 
<D^>/<D>, k^ = (pg/a)’^ is the unstable 
wavenumber’ for an equivalent fluid of density 
p and surface tension a overlying a fluid of 
vanishing relative kinematic effect (e.g., 
vanishing viscosity and density). Region I 
includes the bubble configuration which is 
density-stable (large-over-small bubbles); region 
II includes a density-unstable bubble configura- 
tion (small-over-large), but which is stabilized 
by surface tension; and region 111 is unstable for 
all perturbations. 
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Figure 3. 


"Small-over-large" bubble instability. Model prediction for unstable wave-numbers k for infinitesimal 
perturbations as a function of bubble size ratio; <D„>/<D>, k„ = (pg/a)*'^ is the unstable wavenumber 
for an equivalent fluid of density p and surface tension a overlymg a flmd of vanishing relaUve 
density (Po“>0). 
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Figure 4. Cases for ”small-over-large" bubble instability for varying Bond number. Inset lower right are 
experimentally digitized images of overturning bubble networks. The region of smalt bubbles 
layered on top of the large bubble tends to cascade downward when accelerated. 
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EFFECT OF NEAR ZERO 
GRAVITY ON THE FLUID- 
WALL BOUNDARY 
CONDITION FOR 
SILICONE OIL ON 
GLASS AND TEFLON 

Investigator : Donald R. Pettit, Los Alamos 
National Laboratory, Los 
Alamos, NM 


OBJECTIVE 

The objective of this study is to measure the 
boundary condition between a moving wall and 
a viscous fluid as a function of gravity. 

EXPERIMENTAL PROCEDURE 
AND RESULTS 

The boundary condition was calculated from 
torque measurements required to rotate the inner 
cylinder of a concentric cylinder pair with 
silicone oil filling the annular gap and the outer 
cylinder fixed. The torque was continuously 
measured in the cyclic gravity environment 
aboard the NASA KC-135 airplane. The outer 
cylinder was a precision bore Pyrex tube with an 
internal diameter of 28.994±0.010 mm and was 
115 mm long. Two inner cylinders were used; 
one made from precision bore Pyrex with an 
outside diameter of 25.440+0.010 mm and the 
other made frcwn centerless ground Teflon with 
an outside diameter of 25.400+0.025 mm. Both 
itmer cylinders were 114.3 mm long. A Brook- 
field torque meter model RVT, with a linear 
scale from 0 to 7187 dyne-cm and an accuracy 
of ±1% of full scale, was used. Silicone oil 
viscosity standards with viscosity of 47.8 and 
95.8 mPa-s at 25 °C were used. The inner 
cylinders were supported by magnetic bearings 
and made to be neutrally buoyant in the silicone 
oil, thus preventing bearing load changes during 
the cyclic gravity. 


Results showed no significant changes in 
torque for ^ar rates of 10, 20, and 50 rpm for 
both viscosities of silicone oil and both cylin- 
ders of glass and Teflon for gravity levels 
varying from about 0.01 g Oow gravity phase of 
flight) to 1.8 g (high gravity phase of flight). 
The conclusion is drawn that the no-slip 
boundary condition is valid for near zero gravity 
fluid apparatus that involve silicone oil wetting 
glass and Teflon. 
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ELECTRODEPOSmON OF 
NICKEL FROM AN 
AQUEOUS SOLUTION 
IN LOW GRAVITY 

Investigators : C. Riley, B. Benson, and H. 

Abi-Akar, Dept, of Chemistry, 
The University of Alabama in 
Huntsville, Huntsville, AL; 
George Maybee, McDonnell 
Douglas Corporation, Huntsville, 
AL 


OBJECTIVES 

It has been reported that electrodeposition in 
low gravity produces deposits that have differ- 
ences relative to those produced in 1 g. 
Ehrhardt’’^ found that nickel deposited at a high 
rate under low gravity over a 6-min period 
during a suborbital rocket flight had some 
peculiar properties that were indicative of an 
amorphous form. A major reason for the 
present work is to attempt to reproduce 
Ehiiiardt’s results in the low-gravity trajectories 
produced on a KC-135 aircraft. 

EXPERIMENTAL PROCEDURE 
AND RESULTS 

Figure 1 shows the simple apparatus con- 
structed for this study. It consisted of eight 



Figure 1. KC-135 electiodeposition apparatus. 


1.5-V batteries, and off/on switch, relay, and a 
plug-in board for electrodepsoition cells at 
voltages of 1.5 V, 3 V, 4.5 V, 6 V, and 12 V. 
The two battery boxes are evident. From right 
to left in front are the switch, relay, and plug-in 
board for the cells. Three cells are shown 
mounted on the board. The entire apparatus 
which is ~24 x 10 in. was secured by tape to the 
padded floor of the aircraft during flight. The 
cells have been described previously. Since 
we were restricted to 20-25 s of low gravity on 
each parabola, multiple electrodepositions were 
carried out until 5.5 min of plating time was 
accummulated, which was comparable to that 
produced on a sounding rocket. Ehrhardt'’^ 
used only one cell during each mission and 
deposited at a rate of approximately 80 mA/cm^. 
Since this high rate of electrodeposition could 
affect the crystalline form (or lack of) a method 
varying the electrodepsotion rate was required. 
The different voltages supply this variation with 
the 12-V deposiiton, for example, corresponding 
to a cell current of approximately 300 mA/cm^. 

Figure 2 shows a reproduction of x-ray 
diffraction spectra from nickel deposited in 1 g 
(top) and low gravity (bottom) in experiments 
by Ehrhardt.^ Except for the lack of gravity, the 
experimental conditions were reported to be the 
same. The upper spectrum for 1 g, showing 
intensity vs. detector angle, has the typical fee 
structural planes for crystalline nickel. In the 
lower spectrum, the peaks corresponding to 
those planes arc gone or weak. It was inter- 
preted as having a low-gravity deposit as nearly 
clear or invisible to the x-rays and thus mostly 
amorphous in nature. Figure 3 shows the x-ray 
diffraction spectrum of nickel electrodepositcd 
on a gold-coated copper plate. The deposition 
was carried out in the low-gravity environment 
produced on a KC-135 aircraft. The plating 
potential was 6 V; the plating time was ap- 
proximately 5.5 min. Accumulations from 
multiple 20-25 s low-gravity parabolas were 
utilized to give the total electrodeposilion lime, 
which is comparable to that utilized by 
Ehihardt. The peaks corresponding to the 
face-centered curbic (fee) nickel crystal line 
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Figure 2. X-ray diffraction spectra of Ni 
determined by Ehihardt. 


Rgure 3. X-ray diffraction spectrum of Ni 
deposited on KC-135. 
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THE KIRKENDALL 
EFFECT IN BINARY GAS 
DIFFUSION 

Investigators : William Witherow, David A. 

Noever, and Raymond J. 

Cronise, NASA, Marshall Space 
Flight Center, Huntsville, AL 

OBJECTIVES 

The Kiilcendall effect is a bulk, piston-like 
convective motion directed from heavier toward 
lighter fluids. Its bearing on nearly aU 
diffusion-limited crystal growth experiments has 
been noted. Terrestrial studies have been unable 
to verify its existence previously, because of 
gravity-driven sedimentation of the tracer 
particles used to visualize the boundary. 

As a lighter gas diffuses rapidly into a 
heavier gas, the resulting pressure increase 
causes returning bulk flow. This flow can be 
observed directly by photographing entrained 
smoke particles as they move with the diffusion 
boundary. Unit gravity experiments using this 
arrangement have been unable to quantify the 
Kirkendall effect in a fashion consistent with 
theory (several hundred percent error). Since 
the diffusion boundary consists of variously 
sized smoke particles, it does not move as a thin 
layer; instead, heavier particles settle rapidly 
under gravity. Some particles even fall at once 
into the lower cylinder and form a faint cloud. 
The only experimental way around this is to 
track the movement of fine particles at the top 
of the cloud boundary. However, even this 
method does not give the correct theoretical 
dependence of the boundary motion (on the 
square root of time). Attempts to correct for 
smoke settling have failed. When measured at 
the end of the experiment, the rate of sedimenta- 
tion is too large (since coarsening has increased 
compared to eaily stages of the diffusion 
experiment). Hence, by substantially reducing 
sedimentation of tracer particles, low gravity 


should yield a quantitative existence test of a 
fluid Kirkendall effect 

EXPERIMENTAL PROCEDURE 

The apparatus consists of two glass cylinders 
(4 in. diameter, 7 in. length) sealed with circular 
steel plates dividing two gases. By sliding one 
plate over the other, flow pores are opened and 
the two gas components meet to form a dif- 
flisional boundary. To give widely different 
diffusion rates, the two gases are helium and 
CFjQj, in proportion D[He]/D[Cp 2 a 2 ] = 32.5. 
As a marker, finely divided particles of am- 
monium chloride salt would be formed by 
reaction at the diffusion boundary. This salt is 
produced by adding 1% HG(g) to CF 2 CI 2 in the 
lower cylinder and 1% NH 3 (g) to He in the 
upper cylinder. The diffusion front will travel 
the length of the upper cylinder (7 in.) in 200 
sec. 

The apparatus is loaded with the gases on the 
ground before flight and the experiment is 
initiated upon entry into low g by manually 
opening the sliding plates separating the two 
gases. Photography using both still and video 
will document the diffusion movement for later 
analysis. 

RESULTS 

Theoretical results include prediction of 
diffusion boundary velocities for various gas 
mixtures and geometries. In particular, a third, 
non-diffusion component cannot only alter the 
magnitude, but also the diffusive direction from 
light to heavy. 
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Exptetad Results: 

Ttisory predicts marlcar movement proportional to 
square root time 
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Figure 1. KC-135 experiment. 
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Figure 2. How to define a moving fluid boundary. 
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TRANSIENT HEAT 
TRANSFER STUDIES IN 
LOW GRAVITY USING 
OPTICAL MEASUREMENT 
TECHNIQUES 


Investigators : Patricia J. Giarratano and 
Vincent D. Arp, National 
Institute of Standards and 
Technology, Boulder, CO; A. 
Kumakawa, Chemical Engineer- 
ing Science Division, National 
Aerospace Laboratory, Miyagi, 
Japan; and Robert B. Owen, 
Optical Research Institute, 
Boulder, CO 


OBJECTIVES 

The objectives of this study are to investigate 
thermally induced motion and temperature fields 
in a compressible fluid during a transient heat 
input from a heater surface in the fluid, and to 
employ a non-intrusive optical technique to 
measure the temperature profiles in the fluid 
adjacent to the heater. 

EXPERIMENTAL PROCEDURE 
AND RESULTS 

A test cell with windows contained 
Refrigerant 13 test fluid near its thermodynamic 
critical point A titanium metal strip, located in 
the fluid and in the view of the windows, served 
as a heater surface and thermometer. In the 
experiments, the heater was subjected to an 
electrical current pulse during which its electri- 
cal resistance was recorded as a function of 
time. From these measurements, both the heat 
flux and surface temperature were obtained. 
Simultaneously, holographic interferometry 
with diffuse light source was employed to 
measure the temperature field in the fluid 
adjacent to the heater surface (where steep 
thermal gradients occur). The experimental 
temperature measurements obtained during 



low-g experiments on the KC-135 were com- 
pared with predictions from a mathematical 
model which included heat transfer induced 
motion but not gravity-driven motion. The 
measurements were also compared with those 
obtained in the laboratory at 1 g. 

Due to a limited number of test runs in low 
g, the holographic measurements were not 
highly refined and quantitative evaluation of 
fringe patterns was not possible. However, we 
were satisfied that the holographic optical 
technique could be further optimized to obtain 
the desired results. The electrical measurements 
of surface temperature substantiated the predic- 
tion of the surface temperature from the mathe- 
matical model. 

A complete description of the experiment 
and results is published in the reference below. 
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DYNAMIC THERMOPHYSI- 
CAL MEASUREMENTS IN 
MICROGRAVITY 

Investigators : A. Cezairliyan and A. P. Miiller, 
Thermophysics Division, 

National Institute of Standards 
and Technology, Gaithersburg, 
MD 


OBJECTIVES 

The objectives of this study are to investigate 
main objective of the proposed research is to 
develop accurate millisecond-resolution dy- 
namic techniques which, in a microgravity 
environment, will enable the performance of 
thermophysical measurements on high-melting- 
point electrically-conducting solids and liquids 
at temperatures above 1500 °K. When com- 
pleted the techniques will, for the first time, 
extend the limit (melting point) of the highly 
successful ground-based millisecond-resolution 
pulse-heating experiments. Thermophysical 
properties of interest include heat of fusion, heat 
capacity, electrical resistivity, thermal conduc- 
tivity, surface tension, hemispherical total, and 
normal spectral emissivities. 

EXPERIMENTAL PROCEDURE 
AND RESULTS 

The basic experimental technique involves 
rcsistively heating the specimen in a 
microgravity environment from room tempera- 
ture up to its melting point and above in ap- 
proximately 1 sec by passing a large current 
pulse through it, and simultaneously recording 
the pertinent experimental quantities with 
millisecond resolution. The compact pulse- 
heating system (Figure 1), designed for 
microgravity simulations with the KC-135 
aircraft, utilizes two major diagnostic instru- 
ments: a high-speed pyrometer for measuring 
the specimen temperature and a high-speed 
framing camera for recording the specimen 
behavior during rapid melting. Experiments 


were performed during eight series of flights, 
yielding valuable information regarding the 
parameters affecting speciman stability above 
the melting point. 

As a natural extension of the work on 
specimen stability, a novel technique for 
measuring surface tension of liquid metals at 
high temperatures in a microgravity environ- 
ment was successfully demonstrated. The 
specimen geometry involves a tubular specimen 
mounted in a triaxial configuration (Figure 2) in 
which a fraction of the heating current "i " is 
returned along the tube axis. Adjustments to the 
current split "f enable a balance between 
magnetic and surface tension forces acting on 
the molten specimen. Values for surface tension 
are determined from measurements of the 
equilibrium dimensions of the melt zone and the 
magnitudes of the currents. 

The specimens were fabricated from 99.99% 
pure copper tube stock and had the following 
nominal dimensions: thickness, 0.1 mm; 

diameter, 6 mm; lenght between electrodes, 25 
mm. Each specimen was mechanically treated 
to remove surface oxides and then mounted in 
an experiment chamber (in argon at -0.2 MPa) 
prior to the KC-135 flight experiments. De- 
pending on the experiment, the duration of the 
heating period varied between about 0.5 and 2 
sec. The magnitude of the current pulse used to 
melt the specimen ranged from approximately 
700 to 1100 A, yielding heating rates in the 
range 500 to 2000 K-s'. 

In a typical experiment, the specimen tube 
softened after an initial period during melting 
and its melt zone radius changed from (at the 
onset of melting) to an equilibrium value R^, 
indicating that a balance between magnetic and 
surface tension forces had been achieved. The 
surface tension of copper at its melting point 
was successfully determined in eight 
microgravity experiments (Figure 3) cor- 
responding to values of Rg/Ro in the range from 
0.99 to 1.07 and current split "f in the range 
0.77 and 1.0. The results yielded an average 
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value of 1.27 N-m'* which is in reasonably good 
agreement with literature data. 

Preliminary microgravity experiments were 
also performed on tantalum specimens to 
provide baseline data for future definitive 
measurements of the surface tension of high- 
melting-point refractory metals for which there 
is a paucity of data. Changes in the design and 
construction of the measurement system are 
underway to improve the accuracy of the surface 
tensirai measurements and to enable the devel- 
opment of techniques for measuring other 
thermophysical properties Ousted under objec- 
tives) of metals in their liquid phase. 
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Figure 1. Functional diagram of a compact pulse-heating system designed for rapid-melting expenments 
during microgravity simulations with the KC-135 aircraft. 



Figure 2 A schematic diagram of the triaxial configuration in which a tubular specimen is mounted 

^ncentrically with ..speci «, the cunem return paths. During melting, the (mward) pressure 
due to surface tension may be counter-balanced by selecting a suitable return current split f to 
provide a net (outward) magnetic pressure. 
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Figure 3. Results from eight microgravity experiments for surface tension of copper (at its melting point) 
as determined from measurements of the equilibrium dimensions of the molten tube and the 
magnitudes of the currents. 
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PREMIXED GAS 
COMBUSTION AT 
REDUCED GRAVITY 

Investigator: Paul D. Ronney, Department of 
Mechanical and Aerospace 
Engineering, Princeton 
University, Princeton, NJ 

OBJECTIVES 

In previoius work in drop towers, we had 
discovered that in lean hydrogen-air mixtures 
near flammability limits, cellular flame fronts 
resulting from diffusive-thermal instabilities 
could evolve into spherical, apparently station- 
ary "flame balls" (Figure 1). Because of the 
short time of microgravity available in drop 
towers, it could not be conclusively determined 
whether such structures were indeed stable, or 
would extinguish or evolve slowly to some other 
structure. Two distinct sizes of flame balls were 
observed (Figure 2); however, theory predicted 
that only the larger balls should be stable 
(Figure 3). Also, because pure hydrogen-air 
flames are invisible, and because only film 
cameras could be used in drop towers (due to 
impact loads), a "coloring agent" (CFjBr) had to 
be added to all test mixtures. The impact of this 
coloring agent was unknown. Hence, the 
objectives of the KC-135A tests were to 
determine the long-term stability and morphol- 
ogy of all sizes of flame balls, and to determine 
the effects of the coloring agent on the observed 
behavior. 

EXPERIMENTAL PROCEDURE 

A cylindrical chamber of 25 cm diameter and 
25 cm length (Figure 4) is filled with premixed, 
weakly combustible gas. The mixture is ignited 
with an electric spark. A 16 mm film camera is 
used in the drop tests to visualize the flame. An 
infrared-sensitive video camera is added for the 
aircraft experiments, enabling a comparison of 
flames with and without the coloring agent. In 
addition to flame imaging, gas temperature. 


pressure, and composition measurements are 
taken. 

RESULTS 

Three weeks of KC-135A flight tests have 
been conducted. We have found that (1) "flame 
balls" do indeed exhibit long-term stability, (2) 
the behavior is qualitatively similar with or 
without the coloring agent, (3) die "g-jittcr" 
present in the aircraft tests (but not the drop 
tests) led to the formation of a new type of 
flame structure consisting of elongated 
cylinder-like elements of flame (Figure 5), and 
(4) the effects of dilution, Lewis number, and 
pressure on these phenomena are in accord with 
recently developed analytical models. These 
models indicate the critical role of the interac- 
tions of differential diffusion of heat and 
reactants, flame front curvature, and heat losses 
due to radiation from the gaseous combusion 
products. 

Our current plans include studying the 
effects of radiative heat loss and re-absorption 
using gas mixtures seeded with inen, radiating 
particles. At small panicle loadings it is 
expected that heat loss will be increased, leading 
to greater instability and narrower ranges of 
flammability mixtures, whereas at high panicle 
loadings it is expected that much of the emitted 
radiation will be re-absorbed by other panicles, 
leading to less instability. Furthermore, we 
intend to study the effects of stoichiometry in 
two-reactant flames, as theory predicts the 
effects of stoichiometry are quite different for 
"flame balls" and conventional propagating 
flames. 
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Figure 1. Direct photograph of "flame balls" at 
microgravity. 
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Figure 2. Size of flame balls as a function of 

gas composition showing two distinct 
sizes of balls. 



Figure 3. Theoretical prediction of flame ball 
sizes and stability limits in the 
presence of heat losses. 
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Figure 4. Experimental apparatus block diagram. 



Figure 5. Infrared image of a "flame cylinder" resulting 
from g-jitter in KC-135A aircraft. 
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CONTAINERLESS 
PROCESSING OF BEAM 
HEATED SAMPLES USING 
ACOUSTIC LEVITATION 

InvcstiRators : Charles A. Rey and Dennis R. 

Meikley, Intersonics, Inc., North 
Beach, PA; Edwin C. Ethridge, 
Space Science Laboratory, 
NASA, Marshall Space Flight 
Center, Huntsville, AL 


OBJECTIVES 

The objective of the High Temperature 
Acoustic Levitator (HAL) KC-135 testing was 
to demonstrate the capability of positioning 
beam heated samples in low gravity using 
acoustic forces. Results of these experiments 
would demonstrate the feasibility of using this 
technique for high temperature containerless 
materials processing in low gravity. 

EQUIPMENT DESCRIPTION AND 
PROCEDURE 

HAL is a three-axis acoustic levitator 
designed to position solid or liquid samples of 2 
to 5 mm nominal diameter at high temperatures. 
It incorporates sample position detectors which 
are used in a feedback system to enhance 
sample positioning stability and, in this work, to 
provide sample position data for evaluation of 
positioning performance. The levitator also 
provides manually-operated control of specimen 
spin and position. 

The HAL is also equipped with three, 1 kW 
xenon arc lamps for sample heating, an optical 
pyrometer, two video cameras, and an 
automated sample injection and retrieval 
system. 

During flight operations, samples were 
released into the acoustic positioning zone 
immediately following the transition into low 
gravity. Tests were performed to establish the 


effects of sample heating, the effectiveness of 
the spin and position control, the ability to 
position samples of various densities, and the 
effects of acoustic amplitude on the positioning 
capabilities. 

RESULTS 

The feasibility of acoustic positioning 
combined with beam heating has been demon- 
strated in a low-gravity environment aboard the 
KC-135. Experiments with and without heating 
were performed on various samples ranging in 
density from =0.1 gm/cm^ to 22 gm/cm^. 
Aluminum was melted and ceramic samples 
were heated to “1400 °C. Positioning capabUi- 
ties were established for a variety of operating 
conditions, and the effect of feedback control on 
positioning was demonstrated. 

Ground-based experiments have included the 
successful positioning and melting of liquid 
aluminum oxide at temperatures up to 2700 °K. 
This suggests that levitation with the HAL is not 
limited by specimen temperature. 
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Figure 2. Sample positioning stability. This figure indicates the enhanced position stability that can 
be achieved with HAL when closed-loop feedback is applied. 



Figure 3. Sample (AI 2 O 3 , 3 mm diameter) being positioned by the HAL. 
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CONTAINERLESS STUDIES 
OF MATERIALS USING 
ULTRASONIC LEVITATION 
IN LOW GRAVITY 

Investigator: E. H. Trinh, Jet Propulsion 
Laboratory, California Institute 
of Technology, Pasadena, CA 


OBJECTIVES 

The behavior of ultrasonically levitated 
samples in the liquid state and during melting 
and solidification is the primary subject of 
interest of this task. In addition, the degree of 
interaction between the levitating field and the 
sample as a function of the level of residual 
gravitational acceleration is also an emphasized 
area of investigation. The fundamental objec- 
tives of these low-gravity studies are to provide 
experimental data for comparison with results 
obtained in terrestrial laboratories using the 
same t^paratus; the only variable being the 
intensity of the levitating field, this intensity 
being directly related to the residual gravita- 
tional acceleration. 

EXPERIMENTAL PROCEDURES 
AND RESULTS 

Several ultrasonic levitators operating in air 
between 20 and 45 kHz have been integrated 
into a rack-mounted optical breadboard also 
used for the positioning of video cameras, xenon 
arc lamps for non-contact melting of levitated 
samples, and other various sample deployment 
apparatuses. Laser illumination for flow 
visualization studies within and outside of the 
liquid samples has also been implemented for 
low-gravity flight experiments. Figure 1 is a 
photograph of one version of the test bread- 
board. All experiments have been carried out 
with the breadboard bolted to the airplane floor 
and have been manually operated by the 
investigator. The size of the samples investi- 
gated have varied between 2 and 8 mm in 





diameter for near-spherical specimens, and the 
samples are generally levitated during the 
normal and high- and low-gravity parts of the 
parabola. 

Shape of Levitated Simple and 
Compound Drops 

High intensity sound waves allow the 
levitation of liquid droplets, but also distort their 
shape due to the action of acoustic radiation 
stresses. The fundamental requirement for 
quiescent containerless processing calls for 
spherical liquid samples, and consequently a 
quantitative verification of the theoretical 
predictions of negligible distortion in 
microgravity must be obtained. Figure 2 
displays measured levitated drop shapes in 1 g 
for different drop sizes. Figure 3 reproduces 
photographs of drops levitated during different 
periods of a KC-135 parabola at different 
acceleration levels. Spherical and compound 
drops have also beeen levitated during short 
periods of low gravity, and a demonstration of 
the capabilities of ultrasonic positioners to 
process 8 mm diameter spherical samples has 
also been provided. Figure 4 reproduces 
photographs of a liquid shell in low gravity at 
different sound intensities. 

Acoustic Streaming Flows and 
Internal Flows 

High intensity sound waves also induce 
steady-state streaming flows in the environment 
outside of the levitated sample which could 
influence its behavior. Measurement of these 
flows in 1 g have resulted in velocities as high 
as 50 cm/sec, but these velocities have been 
determined to be less than 1 mm/sec when 
liquid samples of density of about 1 g/cc were 
levitated during a low-gravity parabola. Table 1 
summarizes these results and compares data in 
1 g and low gravity. The internal flow within 
the levitated sample could not be measured 
during the a^iroximately 20 seconds of low 
gravity due to their low magnitude, but a 






quantitative measure of the reduction in uncon- 
trolled rotation of the sample has been obtained 
(see Table 1). 

Containerless Melting Using Beam Heating 

Ultrasonically levitated samples of organic 
compounds have been melted and resolidified 
using consecutive parabolas and a xenon arc 
lamp. Samples melting below 200 °C could be 
accommodated with a single focussed lamp, and 
pure indium samples have been melted while 
levitated during the low-gravity periods. The 
reduction of the acoustic intensity and the 
accompanying reduction of acoustically forced 
convective flows have been shown to allow 
more efficient coupling of the radiant energy 
into the sample with fixed emissivity. Figure 5 
reproduces the stages of melting and solidifica- 
tion of a sample of paraffin wax. 

SUMMARY 

Low-gravity experiments have allowed the 
verification of extrapolations dealing with the 
effects of ultrasonic levitating on a molten 
sample: spherical simple and compound drop 
shs^xis can be obtained in low gravity, forced 
convective flows are drastically reduced, 
uncontrolled sample rotation greatly diminishes, 
and containerless melting and solidification in 
0.05 have been demonstrated. The ability to 
ulilize the same experimental apparattjs in low 
gravity as in 1 g allows the valid comparison of 
the results and the extrapolation to the true 
microgravity conditions of low Eartii orbit. 
Another major practical advantage resides in the 
ability to levitate samples even during the 
high-gravity periods of the parabolas, thus 
allowing more flexibility in experimenting and 
enhancing the reproducibility of the results. 
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Figure 1. KC-135 test breadboaid for experiments of equilibrium shapes of free drops and shells. 
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Figure 2. Results of measuremens of the static 
shape of acoustically levitated 
droplets in 1 g. The accusdc 
iiequency is 37 kHz, and the sound 
pressure level is tlxed atound 159 dB 
for the data in the kR range between 
0.2 and 1.6. The SPL is 163 dB for 
the last set of data at high kR values. 
The principal result is the evidence 
diat it is possible to levitate samples 
with diameters that are comparable to 
the acoustic wavelength with rela- 
tively small sample flattening, even 
in a one-dimensional sound fleld. 


Figure 3. Photographs of 5 mm diameter 
droplets levitated during a low- 
gravity period provided by the 
KC-135 aindane. A wide range of 
drop shapes can be investigated since 
die acoustic pressure level can be 
gready ledu^ to compensate for the 
the decrease of two orders of 
magnitude in the gravitational fleld. 
Drop deformation will thus be 
negligible during experiments in 
microgravity. 
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Figure 4. Liquid shell in low gravity at decreasing sound intensity. The reduction of the gravitational 
acceleration allows the study of the dynamics of virtually undeformed liquid shells even 
though their position remains fixed by the sound field. 


Table 1. Comparison of Conditions for Levitation in 1 g and in 0.05 g 

■ ^ ^ ^ ^ " w w ^ ^ 


* — ** r* L 

1 g Laboratory 

KC-135 Low Gravity 

Sound Pressure Level Required 
for Levitation (25 kHz) 

165 dB 

142 dB 

Streaming Velocity 

19-50 cm/sec 

< 1 mm/sec in host gas 

Liquid Sample Deformation 
(A/B Ratio) 

1.2 

1.0 

Sample Uncontrolled Rotation 
Rate 

3-5 rps 

< 0.1 rps 
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Figure 5. Melting and solidification of levitated samples of Paraffin in low gravity aboard the KC-135. 
The samples are melted by radiant heating from a focussed Xenon arc lamp while levitated 
by an ultrasonic field. 
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6. SOLIDIFICATION WITH FREE SURFACE (WELDING) 
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EVALUATION OF 
HYPERMONOTECTIC 
ALLOYS SOLIDIFIED IN 
THE MICROGRAVITY 
ENVIRONMENT PROVIDED 
BY NASA’S KC-135 


Investigators : Richard N. Grugel, Vanderbilt 
University, Center for Micro- 
gravity Research and 
Applications, Nashville, TN; 
Richard Poorman, NASA, 
Marshall Space Flight Center, 
Huntsville, AL 


were processed in positions both vertically up 
and down with respect to the gravity vector, 
positioning of the samples to be processed in 
microgravity should be irrelevant. A ther- 
mocouple was inserted into some of the 
ground-based samples as schematically shown 
in Figure 1. This allowed, at best, determination 
of the maximum temperature to which the 
sample was exposed. After processing, the 
alloys were sectioned along their length and 
prepared by conventional metallographic means 
for macroscopic examination. 

RESULTS 


OBJECTIVE 

Hypermonotectic Cu-Pb and Al-In alloys 
were melted and resolidified during the ~20 
seconds of available low-gravity time on 
NASA’s KC-135 aircraft with the intent of 
comparing the resultant microstructure to those 
similarly processed under unit gravity. Such 
comparison wiU promote our knowledge of 
factors which contribute to the liquid I and 
liquid II phase separation and subsequent 
distribution. Furthermore, these experiments 
should provide insight regarding solidification 
behavior prior to processing these alloys aboard, 
e.g., the STS or Space Station Freedom. Please 
note that a complete report of this work is given 
by Grugel and Poorman.' 

EXPERIMENTAL PROCEDURE 

Alloys composed of Al-68 wt pet In and 
Cu-50 wt pet Pb were investigated. The pure 
metal components were conventionally alloyed 
and subsequently prepared for processing as 
specified in Figure 1. 

To work within the microgravity time 
available on the KC-135, alloy melting and 
resolidification must be completed within ~20 
seconds. This was accomplished by positioning 
and striking an arc and rotating it about the 
sample end (Figure 1). Ground-based samples 


Figure 2 is characteristic of the Al-In alloy 
processed vertically upward in unit gravity. The 
remelted zone shows a finer, better distribution 
of the indium phase, but a considerably smaller 
volume fraction. Some indium coalescence is 
noted in the bottom right comer of the "cap" but 
the majority, not seen, has collected and run 
down the sample rod. 

Figure 3 is representative of a Cu-Pb alloy 
processed vertically downward. Here the liquid 
fell from the sample tod and, again, the volume 
fraction of the Pb (dark) phase is less than in the 
as cast material. Figure 3 also shows the 
apparent settling of considerably larger, lead 
rich droplets prior to solidification of the liquid 
which maintained contact with the sample. 

The samples processed in the low-gravity 
environment provided by the KC-135 arc shown 
in Figures 4 and 5. The remelted zone assumes 
the expected bulbous shape. However, as in the 
ground-based samples, both the alloys show 
considerable segregation of Ljj. 

The macrosegregation observed in Figures 
2-5 is likely due to a number of interacting 
mechanisms. The rotating arc probably induces 
convection in the liquid which would pronioie 
collisions and coalescence of the Ljj droplets. 
Convection in the liquid will also be initialed 
by density differences arising froi.. ... 
turc and conccnU'ation gradients. Segrcga 
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1 rev/sec 


tion from gravity-driven sedimentation due to 
density differences between the liquids is 
evidenced in Figures 3-5. Coalescence and 
coarsening of Lq droplets can also result from the 
gravity independent processes of Marangoni 
convection and Ostwald ripening. Furthermore, 
the observed segregation may be a consequence 
of pushing excess ahead of the Lj = Sj + 
reaction interface,^' the extent of which may 
depend on the preferred wetting of Sj by either Lj 
or Finally, the consequence of different 

processing positions and environments results in 
three different cooling and solidification rates. 
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Figure 1. Schematic drawing denoting the dimen- 
sions of the sample and sample holder. 


Ground-based, unit-g, and KC-135 low-gravity 
processing of hypermonotectic Al-In and Cu-Pb 
alloys both exhibited massive segregation due to 
the coalescence of the Ljj phase. It also noted that 
the resultant macrostructures are similar to those 
which have been processed in low gravity for 
longer times and with better controlled 
conditions. 
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Figure 2. Aluminum-indium alloy processed 
vertically upward in unit gravity. 
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Figure 3. Cc^per-lead alloy processed vertically 
downward in unit gravity. 



Figure 4. Longitudinal section of a hypermonotectic 
Al-ln alloy processed on the KC-135. 


Figure 5. Longitudinal section of a hypermonotectic 
Cu-Pb alloy processed on the KC-135. 





ZERO GRAVITY SOLIDIFI- 
CATION OF CAST IRON 


Investigators: R. Kazares and L. Lanier, Central 
Engineering Laboratories, Santa 
Clara, CA 


SUMMARY OF RESULTS 

Samples representing three heats of 65-45-12 
ductile iron were furnished for metallographic 
examination. Several of the 3-inch long, 

0.21 -inch diameter samples contained zones that 
had been remelted and solidified under low- 
gravity conditions in a NASA research aircraft. 
These samples were compared to another 
sample from one of the heats which had been 
remelted and solidified by the same procedure 
under 1 g conditions. The purpose of this 
experiment was to determine if melting and 
resolidification at low gravity would affect 
graphite morphology or distribution. 

This examination revealed no significant 
differences in the morphology or distribution of 
the remelted zone graphite in any of the as- 
received or regraphitized samples. Remelting 
completely dissolved the graphite in all samples 
and rapid cooling, due to the short duration of 
the experiment, caused all of the samples to 
resolidify as white iron. Regraphitizing at 1650 
°F for 2 hours caused the graphite to reform 
with no observable differences between the low 
gravity and 1 g samples. 

Photomicrographs of the as-received samples 
and regraphitized samples are attached as 
Figures 1 through 6. 

Other information supplied, including 
process parameters and mechanical properties of 
base material, is reported in Tables 1 and 2. 
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Figure 1 . MAG = SOX (nital), heat 2906 - as processed (70 amps, 5 sec), low gravity. 
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Remelted Zone Heat Affected Zone 

Figure 3. MAG = SOX (nital), heat 2910 - as processed (80 amp, 5 sec), low gravity (top), 
1 g (bottom). 
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Figure 4. MAG = SOX (nital), heat 2910 - as processed (80 amp, 5 sec), base metal. 
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Figure 6. MAG = lOOOX (unetched), same as Figure 5, low gravity (top), 1 g (bottom). 
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Table 1. Processing Parameters (Procedure 2003)* 


Heat 

Amps 

Duration (sec) 

2906 

70 

5 

2918 

80 

5 

2910 

80 

5 

♦Reported by an unidentified independent laboratory 


Table 2. Base Metal Mechanical Properties* 


Heat 

Ultimate Tensile 
Strength (psi) 

Tensile Yield 
Strength (psi) 

Elongation 

(%) 


69,500 

49,500 

19.7 

2918 

76,900 

53,500 

16.2 

2910 

78,400 

53,100 

13.5 


*Reported by an unidentified independent laboratory 
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■ LASER WELDING in order to understand the phenomenological 

EXPERIMENTS IN aspects of the laser melting process and convec- 

REDUCED GRAVITY tive flows in reduced gravity, the study has been 

extended to include laser processing of single- 
Investigators : Gary L. Worionan and William crystal stainless steel and of thicker samples by 

F. Kaukler, The University of using the same laser system with an organic 

Alabama in Huntsville, model, succirKHiitrile. The single crystal 

Huntsville, AL samples are currently being analyzed by Dr. 

Lynn Boatner at Oak Ridge Laboratories. 

OBJECTIVES Succinonitrile is transparaent to the laser 

energy, but it can be doped with graphite 
To study the effects of reduced gravity on particles to achieve an absorbing condition. The 

laser welding processes in stainless steel and weld volume of this organic material which can 

other materials. The reduced gravity environ- be used to model metallic crystals is much 

ment will allow simplification of the heat larger than that obtained with stainless steel; 

tranpsort and fluid flow parameters affecting however, similar results are obtained. However, 

melting and solidification phenomena experi- in order to better compare the results of suc- 

enced during laser welding of materials. Further cinonitrile experiments to the metallic materials 

elucidation of these parameters in space-based above, a mechanism to maintain an adequate 

experiments will be useful in both space temperature gradient across the solidification 

manufacturing and repair and maintenance of zone is needed, 

space structures. 

EXPERIMENTAL PROCEDURE 
AND RESULTS 

Laser welding experiments using a low 
power (10-18 watts) Nd-YAG laser have been 
performed on the NASA KC-135, which flies 
parabolic maneuvers to achieve reduced gravity 
conditions. Experiments with 0.005 to 0.020 
inch thick stainless steel samples have produced 
samples showing a pronounced change in 
convective flows and surface tension with 
gravity. Reduced gravity processing on the 
KC-135 has resulted in smaller weld beads, 
deeper penetration, and increased surface ripple 
in comparison with 1 g processing. Metallurgi- 
cal analysis of the weld beads has shown that 
solidification in reduced gravity has a more 
radial microstructure while the high g portions 
of the welds show more dendritic nucleation. A 
mechanical analysis of the specimens indicated 
a 10% increase in microhardness and tensile 
strength in the portions of the weld beads 
solidified in 0.01 g over those portions of the 
weld beads which solidified in 1.8 g. 
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Figure 1. Display of typical laser welding 

experiment parameters on KC-135. 
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Figure 3. Typical microstructural analysis of stainless steel samples. 
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INFLUENCE OF GRAVITY 
LEVEL AND INTERFACIAL 
ENERGIES ON DISPERSION 
FORMING TENDENCIES IN 
HYPERMONOTECTIC 
Cu-Pb-AI ALLOYS 

Investigators : J. B. Andrews, Department of 
Materials Science and Engineer- 
ing, University of Alabama at 
Birmingham, Birmingham, AL; 
A. C. Sandlin, National Research 
CouncU, 2001 Wisconsin Ave., 
N.W., Washington, D.C.; 

P. A. Curreri, NASA, Marshall 
Space Flight Center, Huntsville, 
AL 


OBJECTIVES 

To determine the relative importance of 
interfacial energy and crucible wetting ten- 
dencies in determining the ability to form 
dispersions in immiscible alloys during low- 
gravity processing. 

EXPERIMENTAL PROCEDURE 

Alloys in the Cu-Pb-Al ternary system were 
utilized to provide samples which exhibited a 
range of interfacial energies between the 
immiscible liquid phases. This variation in 
interfacial energy was accomplished by varying 
the A1 content in the ternary alloys. 

The dispersion forming tenderrcies were 
evaluated by processing several hypermonotec- 
tic alloys under low-gravity conditions. Alloys 
were heated into the single-phase liquid region, 
allowed to equilibrate, and were then solidified 
by cooling at a controlled rate while in a 
low-gravity enviroiunent. One-g processed 
control samples were used for comparison 
purposes. 


RESULTS 

Complete separation due to sedimentation 
occurred in all ground based control samples. 
An example is shown in Figure 1 a. The results 
from low-gravity processing were found to be 
strongly dependent upon alloy composition. 

The first samples investigated using low- 
gravity processing had a low aluminum content 
(0.9 wt.% Al) and as a result had a low interfa- 
cial energy between the immiscible liquid 
phases. Low-gravity processing of these alloys 
did prevent sedimentation of the higher density 
Lj phase. However, a dispersed microstructure 
was not obtained. Instead, macroscopic separa- 
tion and coalescence of the Lj liquid took place 
during processing. The resulting structure is 
shown in Figure lb. This result was somewhat 
surprising since the driving force for coales- 
cence, minimization of free energy through 
reduction of L,-Lj interfacial area, would be 
relatively low in this alloy because of the low 
interfacial energy. It was also apparent that 
there was a tendency for the lead-rich hyper- 
monotectic liquid phase to wet the walls of the 
alumina crucible. 

Low-g processing of a high aluminum 
content (4.2 wt. % Al) alloy resulted in the 
formation of a completely dispersed microstruc- 
ture. This alloy was expected to have a higher 
interfacial energy between the immiscible 
phases and, as a result, would have a higher 
driving force for separation and coalescence of 
the phases. The hypermonotectic liquid phase 
did not appear to wet the crucible walls. 

In summary, for the Cu-Pb-Al alloy system, 
the alloys that were expected to have a low 
interfacial energy between the immiscible 
phases tended to separate macroscopically due 
to coalescence and crucible wetting when 
processed under low-gravity conditions. On the 
other hand, dispersions of the hypermonotectic 
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phase were obtained when alloys thought to 
exhibit a high interfacial energy between phases 
were solidified under low-gravity conditions. 

This result is contrary to that normally 
anticipated. It is usually assumed it should be 
difficult to obtain dispersions in high interfacial 
energy alloys, but easy in low interfacial energy 
alloys. This argument is based on the driving 
force for coalescence. A higher interfacial 
energy implies a larger driving force for 
minimization of interfacial area. Since a 
dispersed structure will have a higher 
interfacial area than a segregated structure, it 
has been assumed that dispersions will be less 
likely to form when the interfacial energy is 
high. 

Obviously, other factors must also be 
considered. In this system it appears the 
controlling factor involves the tendency for the 
hypermonotectic phase to separate and coalesce 
when it wets the walls of the container. There- 
fore, for the Cu-Pb-Al alloys investigated, 
macroscopic separation related to the hyper- 
monotectic liquid wetting the walls of the 
alumina crucibles appears to be more important 
in determining the final microstructure during 
low-gravity solidification than free energy 
considerations based on the LjLj interfacial 
energy. 


Sandlin, A. C., J. B. Andrews, and P. A. Cuneri, 
"Directional Solidification of Immiscible Cu-Pb-Al 
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tions," Materials and Fluid Sciences in Microgravity , 
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Figure 1. A comparison of microstructures obtained 
in the hypermonotecUc Cu-Pb-Al alloys 
investigated, (a) separation due to 
sedimentation when solidified under 1-g 
conditions, (b) separation due to crucible 
wetting and coalescence in a low A1 
content low-gravity processed sample, (c) 
dispersion formation in a high A1 content, 
low-gravity processed sample. 
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CdTe DEWETTING 
BEHAVIOR IN 
MICROGRAVITY 

Investigators : Gary Bostrup, Ratnakar 

Neurgaonkar, and April Collins, 
Rockwell International Science 
Center, 1049 Camino Dos Rios, 
Thousand Oaks, CA; Gary Rosen 
and Fred Carlson, MAE Dept., 
Center for Advanced Material 
Processing, Oarkson University, 
Potsdam, NY; Guy Smith and 
Gary Worionan, Johnson Re- 
search Center, The University of 
Alabama in Huntsville, 
Huntsville, AL 35899 


OBJECTIVES 

Cadmium telluride crystal growth in space 
offers an entire host of advantages not available 
in a 1-g environment. Without the detrimental 
influence of gravity such things as hydrostatic 
forces, confinement effects, and convection will 
all be significantly reduced. The mitigation of 
crystalline strain, spurious nucleation, and 
container-bom contamination all depend on the 
degree of material "dewetting" that occurs in 
microgravity. Once in the liquid state, cadmium 
telluride must pull away and exhibit a very low 
affinity for its ampoule walls. Enhancing this 
behavior in our USML-1 experiment requires 
first establishing an Earth-bound microgravity 
data base. By studying CdTe’s reactions to 
various ampoule shapes and internal surfaces, 
we hope to discover the best overall configura- 
tion that prtMnotes dewetting. Holding material 
surface contact to a minimum also promises to 
attenuate any g gitter brought on by accelera- 
tions to the spacecraft. 


EXPERIMENTAL PROCEDURE 
AND RESULTS 

Due to CdTe’s low heat conductivity 
conventional crystal growth is impossible in the 
25 sec of low gravity provided by the KC-135; 
liquid samples simply cannot nucleate and grow 
significantly to provide any appreciable material 
to study. Our (Mwedurc relies instead on 
quenching relatively small charges (6 gm) of 
cadmium telluride and preserving the effects of 
low gravity in the morphology of the solidified 
ingot. This strategy dictates that a 1-g baseline 
be established first and act as a comparison to 
all comparable KC-135 run samples. Utilizing 
the Isothermal Casting Furnace GCF) provided 
by Marshall Space Flight Center (MSFC) and 
The University of Alabama, Huntsville (UAH), 
small samples could be run both on the ground 
and later in the aircraft. The ICF could liquefy 
and later cool CdTe ingots within the low- 
gravity window aboard the KC-135. Ac- 
celerometer and thermocouple data were also 
provided and noted respectively the low-gravity 
level along three axes and the internal ampoule 
temperature (Figs. 1 and 2). 

Ampoules (Fig. 3) with smooth and 
sandblasted pyrolytic internal surfaces were first 
loaded with CdTe, evacuated, and then sealed. 
Sister samples were then either run in 1 g as a 
baseline or flown aboard the KC-135 and 
quenched in low gravity. Accelerometer and 
thermocouple data indicated that the material 
was quenched completely within the 25-sec 
window and at g levels of approximately 10'^. 
Experiments performed on over 20 flights 
indicated that under favorable conditions 
dewetting can be enhanced significantly. 
Samples mn with smooth pyrolytic surfaces 
demonstrated a morphology brought on by a low 
affinity for the ampoule wall. Sandblasted 
ampoules with pyrolytic surfaces promised an 
even higher degree of dewetting. Preliminary 
measurements indicate very high contact angles 
with CdTe. Several flight samples with a 
roughened surface have yet to be analyzed. 
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Figure 1. KC-135 sample acceleration profile. 
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Figure 2. CdTe cooling curve data (ICF flight runs). 



Figure 3. Ampoule configuration (smooth inner wall - pyroUzed; sandblasted inner wall - pyrolized). 
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■ SEMICONDUCTOR 

GROWTH AND WETTING 
BEHAVIOR IN A REDUCED 
GRAVITY ENVIRONMENT 

Investigators : D. H. Matthiesen, 

M. J. Wargo, and A. F. Witt, 
Massachusetts Institute of 
Technology, Cambridge, MA 


OBJECTIVES 

The primary objective of this series of 
exploratory experiments was to establish a data 
base for the design and conduct of semicon- 
ductor crystal growth research aboard the shuttle 
system. Focus was placed on getting more 
insight into the wetting behavior of semicon- 
ductor melts under reduced gravity conditions. 
Compound semiconductor samples (doped InSb 
and Be) were molten and resolidified in quartz 
confinement under parabolic flight trajectories. 
The resolidified samples were subjected to 
post-growth analyses. 

EXPERIMENTAL PROCEDURE 
AND RESULTS 

This series of experiments was an integral 
part of a ground-based research program in 
which the effectiveness of magnetic fields for 
melt stabilization during Bridgman-type crystal 
growth of semiconductors was investigated. 
The KC-135 experiments provided the basis for 
a comparative analysis. 

Undoped and Te-doped (lO^Vcm^) InSb and 
Ga-doped (10’’/cm^) germanium charges of 6 
mm diameter and 30 mm length were placed 
into a quartz ampoule and sealed in an argon 
atmosphere. The samples were positioned in the 
ADSF facility which provided for an axial 
temperature gradient (at the critical growth 
position) of about 58 °C/cm as measured in 
empty configuration. With the furnace at 
temperature and in predetermined starting 


position, the inserted samples were subjected to 
a 10-minute thermal equilibration. Crystal 
growth was subsequently initiated and sustained 
for 12 min through fiimace translation in the 
upward direction at a rate of 83.3 [im/s. During 
the growth period the KC-135 executed six 
parabolic trajectories providing intermittent g 
levels as low as 10'^. The samples were 
removed from the ADSF facility and analyzed. 

Figure 1 establishes the correspondence of 
growth during high and low g values of the g 
vector for Ga-doped germanium. Details of the 
surface moqrfiology of the grown samples are 
observed in Figure 2 which presents low g 
growth on the lower segment and high g growth 
on the upper segment. Conspicuous in the lower 
segment is the "free solidification" (non- 
wetting) behavior which reveals through 
striations the characteristics of growth and the 
changing morphology of the growth interface. 
Significant is the non-planar growth interface 
moiphology which reflects deficiencies in the 
thermal boundary conditions provided by the 
ADSF. The experiments show also the occur- 
rence of noticeable melt back associated with 
the transition from low to high g growth. The 
experiment indicates the establishment of 
non-wetting conditions for melts of Te-doped 
InSb and Ga-doped Ge suggesting the viability 
of KC-135 experiments for enlarging the data 
base related to solidification in a reduced gravity 
enviromnent. The experiments revealed, 
moreover, deficiencies in the available 
hardware. 
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Figure 1. Gravity level as a function of furnace translation for the second GaA3e flight 
sample. Photograph is through the quartz ampoule. 
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Figure 2. Photomicrographs of the as-grown surface of the first GaAje flight sample. 

Magnification clearly indicates the morphological change during the transition 
from low to high gravity level (15 mm =10 [im). 
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■ INDIUM ANTIMONIDE 
SOLIDIFICATION IN 
TRANSPARENT FURNACE 
KC-I35 

Investigators : W. R. Wilcox, R. Derebail, and 
B. Hoekstra, Center for Crystal 
Growth in Space, Claricson 
University, Potsdam, NY; 

M. Vlasse, Space Science 
Laboratory, NASA, Marshall 
Space Right Center, Huntsville, 
AL 


OBJECTIVES 

The objective of this study is to observe 
behavior of melt during directional solidification 
in a partially filled and poorly wet ampoule. 

EXPERIMENTAL PROCEDURE 
AND RESULTS 

Indium antimonide was directionally 
solidified in partially filled silica ampoules. The 
melt and solid adjacent to the solid-liquid 
interface were observed and video taped. 

The melt never pulled away from the 
ampoule wall and the solid remained in contact 
with the wall. Gas bubbles on the ampoule wall 
moved toward the solid-liquid interface when 
the interface contacted them. This was ex- 
plained by considering the melt-ampoule and 
melt-interface contact angles. 

The microstructure (grain and twin boundary 
counts) was compared with that of samples 
grown in the same apparatus on Earth and with 
samples solidified in large centrifuges. No firm 
conclusions could be reached. 
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DIRECTIONAL 
SOLIDIFICATION OF 
Cu-Pb-AI HYPER- 
MONOTECTIC ALLOYS 
UNDER ALTERNATING 
GRAVITY LEVELS 

Investigators : J. B. Andrews, Dept, of Materials 
Science and Engineering, 
University of Alabama in 
Birmingham, Birmingham, AL; 
A. C. Sandlin, National Research 
Council, 2001 Wisconsin Ave., 
N.W., Washington, D.C.; P. A. 
Curreri, Space Science 
Laboratory, NASA, Marshall 
Space Right Center, Huntsville, 
AL 


OBJECTIVES 

The objective of this study was the deter- 
mination of the influence of gravity level on the 
morphology developed during directional 
solidiflcation of hypermonotectic immiscible 
alloys. 

EXPERIMENTAL PROCEDURES 
AND RESULTS 

Several different Cu-Pb-Al alloy composi- 
tions were dircctioinally solidified on NASA’s 
KC-135 aircraft during parabolic maneuvers 
using the Automatic Directional Solidification 
Furnace (ADSF). The Cu-Pb-Al system was 
utilized to permit a systematic variation in the 
miscibility gap height of the alloys investigated. 

The Cu-Pb system forms a low-dome-height 
monotectic while the Al-Pb binary is a high- 
dome-height monotectic. As A1 is added to the 
Cu-Pb binary, the dome height increases in a 
smooth manner, thereby providing a range of 
dome heights within one system. 


For proecessing, hypermonotectic samples 
were placed in the ADSF which was already 
heated to the operating temperature. The entire 
sample was held in the hot zone of the furnace 
for a minimum of 10 min to aid homogeniza- 
tion. Samples were then processed using 
furnace translation rates of 0.3, 0.6, 1.0, 2.0, 3.0, 
or 5.0 mmAnin. 

After processing samples were longitudinally 
sectioned and prepared for metallaographic 
analysis, correlations were made between the 
microstructures obtained and the gravity level 
during processing. 

The directionally solidified low Al-content 
(i.e., low dome height) hypermonotectic 
samples exhibited irregular microstructures 
which decreased in scale as the solidification 
rate increased. At high furnace translation rates 
(5.0 and 3.0 mm/min) no apparent variations in 
structure were observed with gravity level. 
However, samples procesed at 2.0 mm/min 
exhibited a measurable decrease in mean 
particle size during the low-gravity segments of 
solidification. A plot of the mean particle size 
versus distance along the sample is shown in 
Figure 1 along with the variation in gravity level 
during processing. The cyclic variation in mean 
particle size appears to corre.spond to the cyclic 
variation in gravity level, with the minimum in 
particles size corresponding to the low-gravity 
portion of the maneuver. 

Dramatically different structures were 
obtained in high-dome-height (high A1 content) 
samples of specific compositions. When 
processed at high translation rates (5.0 mm/ 
min), the structure consisted of elliptically- 
shaped, large droplets of the hypermonotectic 
constituent superimposed upon a dispersion of 
small spheres. There was a strong correlation 
between the occurrence of the large droplets and 
gravity level. In the portion of the samples 
solidified under low-gravity conditions, no 
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Figure 1. (a) Variation in the mean particle size 
of the hypermonotectic constituent 
versus distance on a low-Al content 
alloy directionally solidified under 
alternating gravity level conditions; 
(b) variation in gravity level versus 
time. 


droplets were present. However, a high con- 
centration of large droplets was observed for 
every high-gravity period during processing. 
The variation in volume fraction of the hyper- 
monotectic constituent is shown quantitatively 
in Figure 2 which also plots the gravity level 
variations with time. 

At lower solidification rates (less than 1.0 
mm/min) fibrous microstructures were obtained 
in these high-dome-height samples. While 
research is still under way in this area, several 
alloy compositions revealed a transition from 
fibrous growth to the formation of a dispersion 
with gravity level with the fibrous structures 
being formed during low-gravity conditions. 




figure 2. (a) Variation in the volume fraction 
of the hypermonetectic phase with 
distance in a slowly solidified 
high- A1 content alloy; (b) plot of 
gravity level variation as a fimetion 
of time. 


figure 3 shows the microstructural variations 
observed with gravity level in a sample proc- 
essed at a furnace transition rate of 0.6 mm/min. 
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Figure 3. Variation in structure from an aligned 
fibrous composite to a dispersion as 
gravity level altmiales from low g to 
highg. 
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INFLUENCE OF MICRO- 
GRAVITY ON THE 
SOLIDIFICATION 
BEHAVIOR OF METAL 
MATRIX COMPOSITES 

Investigators: D. E. Morel, Applied Research 
Laboratory, Arlington, VA; D. 
M. Stefanescu, Dept, of Metal- 
lurgical Engineering, University 
of Alabama in Tuscaloosa, 
Tuscaloosa, AL; K. C. Russell 
Dept, of Nuclear, Engineering, 
Massachusetts Institute of 
Technology, Cambridge, MA; 
P. A. Curreri, Space Science 
Laboratory, NASA, Marshall 
Space Flight Center, Huntsville, 
AL 


OBJECTIVES 

The primary objective of this program is to 
investigate the effect of gravity level on 
microstructure development in ceramic rein- 
forced metal matrix composites. The research 
currently in progress combines theoretical 
modeling of composite solidification with an 
experimental program utilizing the ADSF 
(Automated Directional Solidification Furnace) 
and the newly developed RMRQ (Rapid 
Melt/Rt^>id Quench) Furnace. 

EXPERIMENTAL PROCEDURE 
AND RESULTS 

The composite system under investigation in 
this study consists of the following: aluminum/ 
nickel matrix; particulate silicon carbide, 
alumina, and calcia stabilized zirconia reinforce- 
ment; aluminum indium matrix; particulate, 
whisker, and continuous fiber silicon carbide 
reinforcement. Samples for solidification 
aboard the KC-135 aircraft are prepared by melt 


casting or powder processing (depending on the 
desired composition) and machined into rods 
0.40 cm in diameter ranging from 4 cm to 8 cm 
in length. During the parabolic maneuvers 

performed by the KC-135, the furnace is 
translated along the sample axis at preselected 
velocities. Accelerometers measure gravity 

level as a function of time so that the position of 
the solidification front can be correlated with 
gravity level, time, and temperature during the 
experiment. All data arc automatically recorded 
by computer during teach sample run. 

Experimental efforts to date have focused on 
the Ni-Al alloy system (6.1 and 86.7 wt. % Ni) 
reinforced with particulate SiC (<7 micron in 
diameter and 50-150 micron). The solidification 
behavior of composite samples has been studied 
as a function of gravity level, particle size, 
furnace translation rate, and temperature 
gradient. 

Microstructural development in these 
materials during solidification is strongly 
influenced by gravity level. When the advanc- 
ing solidification front encounters a ceramic 
particle, particle engulfment is favored under 
high gravity levels where Stokes forces act to 
push the ceramic into the solidifying melt. 
High-gravity forces also tend to produce particle 
agglomeration so that a uniform distribution of 
the ceramic is difficult to achieve. Conversely, 
at low-gravity levels larger interparticle spac- 
ings and more uniform dispersions are observed 
(Figure 1). Theoretical modeling of pjarticulate 
behavior of the melt/ceramic interface by 
Stefanescu et al. indicates that heat transfer 
conditions across the interface and the ther- 
mophysical properties of the ceramic and melt 
are important factors in determining reinforce- 
ment distribution in the final composite. The 
nature of particle shape and size also impacts 
engulfment but at present is not well under- 
stood. Future experiments will focus on 
modeling and the Al-In system. 
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Figure 1. Interparticle spacings for a typical 
sample solidified under varying g 
levels aboard the KC-135. 
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OBJECTIVES 

Production of aligned rod morphologies in 
monotectic systems in a manner analogous to 
that in eutectic systems is an attractive goal. 
While aligned structures have been produced in 
the most common commercial monotectic 
systems, Cu-Pb, it is not clear by which mecha- 
nian these aligned structures are obtained. 
Therefore, process control to produce desired 
structures is difficult In the present study, the 
effect of magnitude of gravity during solidifica- 
tion on the microstructure of Cu-Pb and Bi-Ga 
alloys is examined to better understand the 
mechanism of formation of aligned structures in 
these systems. 

EXPERIMENTAL PROCEDURE 
AND RESULTS 

The Cu-Pb samples were prepared by 
melting 99.9% pure lead shots and 99.9% pure 
copper pellets under argon atmosphere. The 
samples for directional solidification were 
vacuum pulled from the melt into 4 mm and 10 
mm i.d. quartz tubes and quenched in air. Bi-Ga 
samples were jHealloyed by mixing the aiqiro- 
priate weights of 99.999% pure Ga and Bi 
metals in a quartz tube which was connected to 
a high vacuum system with the capability to 
backfill with inert gas. At a pressure of lO"* 
Torr, the tube was heated by a torch to a 


temperature above the Bi-Ga consolute tempera- 
ture. The ampoule was agitated continuously 
during heating to achieve a homogeneous 
mixture. The molten sample was quenched in 
liquid nitrogen. 

Direction solidification was accomplished in 
a Bridgman-type directional solidification 
furnace. The furnace used was a Space Applica- 
tions Rocket Program (SPAR) prototype 
automatic directional solidification furnace with 
platinum-ihodium-heating coil and a 5 mm 
maximum sample diameter. This furnace was 
used for solidification in 1 g and during aircraft 
low-gravity maneuvers. The method used in 
this research for studying the effects of variable 
gravity level in solidification consists, in 
principle, of running the directional solidifica- 
tion furnace «i a NASA KC-135 aircraft, while 
flying multiple parabolic trajectories Gow- 
gravity maneuvers) which allow sections of the 
sample to solidify under alternative low-gravity 
(20 to 30 sec at 10'^ g) and high-gravity (1.5 
min of 1 to 1.8 g) conditions. 

After directional solidification, the samples 
were cut along the longitudinal axis, mounted, 
ground, and polished to be examined under the 
light microscope and the scanning electron 
microscope. The low melting point of Ga in 
Bi-Ga samples necessitated special polishing 
techniques which essentially involved keeping 
the samples cold while polishing. The Ga-Bi 
samples were kept refngerated subsequent to 
soUdification as well as before and after exami- 
nation utKler a microscope. 

Samples of hypomonotectic composition 
directionally solidified under variable gravity 
levels have microstructure consisting of copper 
dendrites with trapped intradendritic lead 
droplets. This structure occurred irrespective of 
whether solidification was under ground 
conditions or uruler low-gravity/high-gravity 
cycles. Due to the absence of sharp secondary 
arms of copper dendrites, the structure consisted 
of almost equiaxed copper crystals with in- 
tragranular lead. However, the grain size of 
141 



copper solidifled in low gravity was larger than 
that for high-gravity solidification. Figure 1 
shows a typical plot of number of grains per mm 
for regions solidified under low gravity and high 
gravity. 



Figure 1. Variation of grain count per mm 
along Cu-Pb flight sample no. 6, 
directionally solidified at translation 
rate of 5 mm/min (temperature 
gradient of 10 °CAnin). 


In Cu-Pb alloys of nominal hypermonotectic 
composition directionally solidified under 
low-gravity maneuvers at translation rates 
greater than 10 mm/min, the fiber composite 
structure was initiated only in portions solidified 
under high gravity. Low-gravity initiation of 
directional solidification resulted in a structure 
consisting of grains of copper with droplets of 
lead. However, the fiber composite structure 
once established in the high-gravity regions, 
continues through the subsequent low-gravity 
regions. 

The interfiber spacings (Figure 2) in samples 
solidified in low gravity were slightly higher 
than those for high gravity. Hypomonotectic 
Cu-Pb alloys showed aligned composite 
structure in a few areas in pxirtions solidified 
under high gravity. Hypermonotectic composi- 



Figure 2. Plot of interfiber spacing versus 

distance from interface for nominal 
hypermonotectic Cu-Pb sample 
solidified at translation rate of 15 
mmAnin (temperature gradient of 10 
°C/min) in parabolic trajectories 
(sample no. 9). 


tion solidified parallel to gravity at a rate of 18.7 
mm/min and had a structure of large elliptical, 
randomly-oriented lead droplets near the 
interface followed by lead-rich bands, indicating 
lead segregation toward the sample bottom. 

Four Bi50% Ga samples were directionally 
solidified in uncoated quartz tubes during 
low-gravity maneuvers. High solidification 
rates facilitated short fibrous growth. The 
gravity level did not seem to affect the structure 
at high growth rates, but at lower growth rates 
low gravity seemed to inhibit the short fibrous 
structures. The stmetures consisted of Ga 
droplets dispersed in a Bi matrix. The fiber 
composite stmeture observed in Cu-Pb samples 
was not observed. 

Near monotectic and hypermonotectic Cu-Pb 
alloys, at high growth rates invariably a fiber 
composite structure is observed which is 
preceded by a lead-depleted zone. The initial 
lead fibers are slightly coarser than the subse- 
quent structure. Figure 3 shows a schematic of 
the proposed model for fibrous composite 
growth. 
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(Hi) Solidification at high growth rate in high-gravity conditions. 


LEGEND 
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IN SOLID ROO COMPOSITE 
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L2 

Figure 3. Schematic view of the growth front under 
varying conditions of solidification as time 
progresses from left to right: (i) occur- 
rence of Pb-rich transverse bands at low 
growth rates (< 10 mm/min); (ii) few sites 
of incorporation of L 2 droplets as rod/ 
fiber-composite; (iii) high rate of penetra- 
tion of L] layer between a and Lj phase by 
Lj droplets, resulting in very prominent 
rod/fiber-composite structure. 


gravity regions. Stokes forces in high-gravity 
solidification in a direction opposite to the 
gravity vector (Figure 3-iii) contributes to 
engulfinenet of Lj drops by helping to overcome 
the disjoining forces. Stokes forces are insig- 
nificant in low-gravity solidification. The 
Stokes contribution aR)ears to dominate (for the 
solidification conditions studied) the processes 
of initiation of composite growth (Figure 3-ii). 

Interfiber spacing is higher in the low-gravity 
regions as compared to the high-gravity regions. 
This is consistent with decreased nucleation in 
low-gravity regions; the lead drops do not 
sedimentate to assist the formation of continu- 
ous fibers. Some fibers become truncated and 
the overall interfiber spacing becomes coarser. 
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An approximate calculation of the critical rate 
for engulfrnent of lead drops into alpha-interface 
using Chernov’s approach gives the following 
numbers: (a) lead drops 20 microns dia; R^, = 
0.0283 mm/min; (b) lead drops 50 microns dia; 
R. = 0.(X)834 mm/min; where R„ = critical 
solidification rate above which lead droplets are 
engulfed. At growth rates in this study lead 
drops should by Chernov’s model be engulfed 
by the interface. 


Composite structure was not observed to 
start in low-g regions; however, once initiated 
in the high gravity, it continued in the low- 


143 







■ THE INFLUENCE OF CON- 
VECTION ON THE NUCLEA- 
TION AND GROWTH OF 
EUTECTIC Fe-C ALLOYS 

Investigators! D. M. Stefanescu and H. Tian, 
Dept, of Metallurgical Engineer- 
ing, University of Alabama, 
Tuscaloosa, AL; P. A. Curreri, 
Space Science Laboratory, 
NASA, Marshall Space Flight 
Center, Huntsville, AL 


OBJECTIVES 

For the particular case of stable Fe-C alloys 
(gray cast iron), which is the material studied in 
this research, the number of eutectic grains per 
unit areas (grain density) is a measure of the 
nuclei available for solidification. In this study 
heterogeneous nucleation and grain multiplica- 
tion during solidification of gray cast iron, and 
the effect of gravitational level on them, have 
been studied by means of directional solidifica- 
tion on ground and under low-gravity Gow-g) 
and high-gravity (high-g) conditions obtained by 
aircraft parabolic flights. 

EXPERIMENTAL PROCEDURE 
AND RESULTS 

The method used in this research was to have 
samples directionally solidified aboard the 
NASA KC-135 aircraft during repetitive low-g 
maneuvers and on ground. A sample which is 
being solidified in a Bridgman-type furnace 
during parabolic flight experiences a repetitive 
sequence of low-g and hi^-g forces paraUel to 
the longitudinal growth axis. The acceleration 
imposed on the sample is monitored by three 
accelerometers mounted to the furnace assembly 
on orthogonal axes. 

The thermal gradient in the furnace was 
controlled through the maximum temperature in 
the isothermal hot zone of the furnace. Thermal 
gradients were determined in air as well as with 


samples instrumented with alumina-coated 
thermocouples. The thermal gradients (crucible 
i.d. = 0.5 cm) in the liquid zone at the solid/ 
liquid interface were 255 °C/cm and 175 °C/cm 
when the hot zone temperature was 1500 °C and 
1350 °C, respectively. According to these data, 
it can be extrapolated that for a hot zone 
temperature of 1300 ®C, the external gradient 
should be around 150 °C/cm. 

Through this research, two types of samples 
were used; uninoculated (prepared at The 
University of Alabama) and inoculated 
(prepared at The University of Alabama and at 
the General Motors Technical Center). The 
longitudinal insert samples were prepared at 
General Motors based on the schematic in 
Figure 1. A core of inoculant alloy A7(X), with 
diameter of 1 mm, was inserted in the center of 
the 4 mm diameter sample. All samples were 
examined by means of optical microscopy, 
scanning electron microscopy-energy dispersive 
analysis by x-ray (SEM-EDAX), and image 
analysis. One microstructural feature monitored 
was the eutectic grain density, i.e., the number 
of grains per unit area. The grains were counted 
over a given area of the metallographic field, 
and the resulting number was divided by the 
surface area of the field to give the grain density 
(grains/mm^). The average of the grain density 
over the four metallographic fields at a given 
position was considered as the grain density for 
that position. 

Figure 2 shows the morphology of graphite 
in the low-g and high-g regions. It is obvious 
that graphite was finer in the high-g region as 
compared with the low-g region. 

For both inoculated samples, the grain 
density vs. distance curves for the high-g 
regions parallel the curves for the low-g regions 
but at higher values (see Figure 3). From 
micrographs of the graphite morphology (Figure 
2) it is clear that the graphite formed during the 
first low g was coarser than that formed during 
the first high g. In all cases, it was found that 
higher number of grains were obtained when 
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Figure 1 . Schematic showing areas on which the number of grains 
was counted: (a) longitudinal, and (b) transverse counts. 



Figure 2. Graphite moiphology of sample KC-FL-1: (a) low-g and (b) high-g regions. 
Magnification = 388. 
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Figure 3. Variation of eutectic grain density 
with distance from melt interface 
for sample KC-FL-3, inoculated. 

when solidifying in high g as compared with 
low g. This was attributed to higher convection 
in high g. It was demonstrated that grain 
multiplication can contribute 20% to 23% from 
the total number of grains resulting from 
heterogeneous nucleation of uninoculated 
samples for the given experimental conditions. 
It is proposed that the mechanism for grain 
multiplication in the case of gray cast iron 
consist in the breaking of tips of graphite plates, 
which is the leading phase, transport of these 
types away from the melt interface, and nuclea- 
tion of new grains by these graphite fragments. 


Enough data were collected to demonstrate 
the viability of such an approach in the study of 
heterogeneous nucleation of metallic alloys. 
Also, the experimental parameters (soak time 
and temperature, temperature gradient, furnace 
translation rate, sample composition, and 
inoculation method) for a definitive space 
shuttle experiment were established. 

The authors would like to acknowledge the 
direct participation and many helpful sugges- 
tions and advice they received from Norman 
Lillybeck (John Deere and Company) and from 
Michael Shea (General Motors). 
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For the case of inoculated samples, it was 
shown that the contribution of the kinetics of 
chemical reactions to the convection-induced 
nucleation can be as high as 30% but can be nil 
at very low or very high grain numbers. This 
contribution is explained in terms of increased 
convection and diffusion in high g as compared 
with low g. To confirm these data, more 
experimental results are necessary. 


147 




SUPERCONDUCTING 
TRANSITION TEMPERA- 
TURE OF Al-In-Sn ALLOY 
DIRECTIONALLY 
SOLIDIFIED IN HIGH AND 
LOW GRAVITATIONAL 
FIELDS 

Investigators : M. K. Wu, National Tsing Hua 
University, Hsinchu, Tiwan/ 
Republic of China; P. A. Curreri 
Space Science Laboratory, 
NASA, Marshall Space Right 
Center, Huntsville, AL; W. F. 
Kaukler, Dept, of Chemistry, 
The University of Alabama in 
Huntsville, Huntsville, AL 


OBJECTIVES 

In an attempt to gain more insight into the 
low-gravity processing on the materials proper- 
ties of immiscible alloys, we decided to carry 
out a systematic study of materials solidified 
directionally in a Bridgman furnace on NASA’s 
KC-135 aircraft. The advantages of using 
KC-135 arc that it is relatively inexpensive, has 
a short turnaround time, and provides the 
capability when combined with unidirectional 
solidification of having in one sample a series of 
identifiable sections grown in low gravity Qow 
g) or high gravity (high g). The material chosen 
in this study is the ternary Al-ln-Sn alloy. This 
alloy was chosen because the Al-In binary has 
been well studied and the addition of Sn to Al-ln 
binary would alter the interphase interfacial 
energy and the morphology of the solid-liquid 
interface and therefore the cast stmcture. The 
study would then help to identify the role of 
interphase interfacial energies during solidifica- 
tion with varying g levels. In addition, the 
electrical properties of the binary Al-ln, Al-Sn, 
and In-Sn alloys have been extensively studied. 
Therefore, an extention of the study to the 
ternary system is a logical choice. 


EXPERIMENTAL PROCEDURES 
AND RESULTS 

A sample which is being solidified experi- 
ences a repetitive sequence of low-gravity 
(low-g) and high-gravity (high-g) forces piarallel 
to the longitudinal growth axis. The accelera- 
tion during processing is monitored by three 
accelerometers mounted on the furnace on 
orthogonal axes with one parallel to the lon- 
gitudinal growth axis. The growth rate used for 
the experiments with Al-18In-14Sn aUoy was 
0.5 cmAnin. This resulted in low-g sections of 
about 2.5 mm alternating with high-g sections of 
about 7.0 mm. The samples were positioned 
relative to the thermal gradient of the furnace to 
allow about 2 cm of the sample to remain 
unmolten prior to directional solidification. A 
photomicrograph of a longitudinal section of the 
Al-18.9In-14.6Sn flight sample for which 
properties data are reported here is shown in 
Figure 1. 

Samples of different gravity level were 
sectioned using a diamond saw, and smaller 
samples of dimension 1 mm x 1 mm x 3 mm 
were cut and used for electrical and magnetic 
properties measurements. An ac inductance 
bridge operated at 40 Hz was used to measure 
the magnetic susceptibility. At this measure- 
ment frequency and sample size, it is expected 
that the measurements represent the bulk 
properties of the sample. The resolution of the 
measurements as determined by the use of 
standard samples for resistivity and magnetic 
susceptibility is within 0.1%. Transverse 
sections of different gravity level were mounted 
and polished for optical and scanning electron 
microscopy (SEM) study. Rgures 2(a) and 2(b) 
give representative optical micrographs for 
transverse sections of the third high-g and fourth 
low-g zones. A SEM photograph showing the 
composite structure of the In-Sn particles is 
given in Figure 2(c). Wavelength dispersive 
x-ray (WDX) analysis was employed to deter- 
mine the chemical composition of the samples. 
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Figure 1. Photomicrograph of Al-18.9In-14.6Sn along longitudinal growth axis showing 
the microstmcture of the sample up to the third low-g zone. 



(c) 


Figure 2. Hiotomicrographs of unetched sections, (a) and (b) representative optical micrographs of 

third high-g (sample 6) and fourth low-g (sample 7) zones, respectively, (c) SEM photograph 
showing the composite structure of In-Sn particles in the aluminum matrix. 
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Typical resistances R of samples solidified 
at different gravity levels are shown in Figure 3 
as a function of temperature. It can be seen that 
resistance of low-g samples is less temperature- 
dependent The resistance ratio of high-g 
samples is larger than that of low-g samples. 
On the other hand, the room temperature 
resistivity of the low-g samples is about a factor 
of 10 larger than that of the high-g samples. 
Results given in Figure 3 in comparison to the 
characteristic curves clearly indicate that the 
low-g sample behaves more like a semi-metal 
while the high-g sample is essentially metallic. 

All samples studied become superconducting 
with an onset temperature ranging from 7.8 K to 
6.3 K. Figure 4 shows the temperature depjend- 
ence of the resistance and magnetic sus- 
ceptibility at low temperature for high- and 



Figure 3. Normalized resistivity p(T)/p(300 K) 
as a function of temprature of Al- 
18.9In-14.6Sn solidified with different 
levels of acceleration. 


low-g section. The average transition width is 3 
K, showing the inhomogeneous character of our 
material. T^, resistance ratio, and the gravita- 
tional acceleration parallel to the growth axis 
during solidification as plotted vs. sample 
position are shown in Rgure 5. 

Microstructure and chemical composition 
analyses If the samples have been performed 
using SEM fitted with a WDX analyzer. The 
micrographs clearly show that samples consist 
of 3 to 50 micrometer particles embedded in the 
aluminum matrix. The average size and volume 
fraction (in the absence of macrosegregation) 
for In-Sn particles remained relatively constant 
for high- and low-g sections and was 4 microns 
and 0.6 microns, respectively. It is found that 
these are two different phases in these particles, 
viewed as dark and light phases in light field 



Figure 4. Electrical resistivity and magnetic 
susceptibility at low temperature of 
Al-18.9In-14.6Sn solidified with 
different levels of acceleration. 
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Figure 5. T^., p(300 K)/p(T^), and gravitational 
acceleration along longitudinal growth 
axis as a function of sample position. 

SEM. The apparent volume fraction of the daik 
phase is about one-third of the particle. These 
particles are made almost entirely of In and Sn. 
The dark phase of the particles consists on In-Sn 
with 25 wt%. Sn and the Sn content doesn’t 
change with g level during solidification. On 
the other hand, the Sn concentration of the light 
phase of the particles does appear to vary with 
gravity level. The low-g light phase is mainly 
In-Sn 25 wt% Sn. 

The superconductivity observed is attributed 
to the presence of the In-Sn phase. Supercon- 
ductivity of the In-Sn system has been exten- 
sively studied. It was found that T^. of the 
quenched samples varied from 7.8 K occurs at 
the bata phase with composition of 30 wt% Sn, 
while gamma phase alloys have T^ on the order 
of 6 K. Superconducting transition temperature 
of In-Sn alloys as a function of Sn content along 
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Figure 6. Superconducting transition tempera- 
ture plotted vs. Sn concentration and 
phase diagram of In-Sn alloys. 


with the In-Sn binary phase diagram is shown in 
Figure 6. This is consistent with our observa- 
tions that low-g samples have T^ about 1 K 
higher than that of the high-g samples, and our 
hypothesis based on WDX analysis that low-g 
particle arc essentially bata phase while high 
sections contain mainly gamma phase particles. 
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